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SuBsect InpEx 


FOREWORD 


Txis book is based on lectures which the author has given, over the 
last 10 years and longer, to scientific workers and engineers at a 
number of local scientific research institutes, design offices and fac- 
tories in Moscow. His listeners were not specialists in the field of auto- 
matic control. They had had much experience of work in other spheres 
of technology and had mastered only the technology of control. Being 
convinced of the need to know the theory of automatic control, if 
only its essentials, in order to design and build controllers, they asked 
him to select material from the vast amount which has been accumu- 
lated in control theory, and to include in the lectures only what was 
most important for practical applications. In carrying out this request 
it is quite possible, of course, that the author has made mistakes in 
his selection of material. He has proceeded from his own experience, 
and the experience and advice of his listeners, but his opinions, habits 
and tastes could not but affect the content of the lectures. Only time 
and experience of practical applications enable us to separate basic- 
ally what is essential from what is secondary. 

The book is concerned with the theory, and not the technology, 
of control. The basic introduction to controllers in the first chapter 
is therefore long enough only for the following chapters to be under- 


stood. 
The reader is expected to be familiar with the theory of the 


Laplace and Fourier transform. It is explained in Appendix 1 suffi- 
ciently for the reader who is not familiar with it to understand the 
book. Examples and some minor explanations have been put in small 
print, and may be omitted at a first reading. 

A bibliography has been compiled separately for each chapter 
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and contains both source material and literature which may be 
useful to the reader for a deeper study of the theory of automatic 


control. The list includes mainly works published in the U.S.S.R. 
or translated into Russian. Of the non-Russian works not translated 
into Russian only direct source material has been included, since 
a complete list of the works which have been published in every 
other language connected with the problems discussed in this book 
would almost double its size. 

The author is grateful to Ya. Z. Tsypkin, Yu. V. Dolgolenko, 
and A. Ya. Lerner for their comments on the manuscript, and to 
Yu. V. Krementulo, Yu. I. Ostrovskii and Ye. A. Andreyev for their 
help in preparing this book for press. 


PREFACE TO THE SECOND EDITION 


In the second edition, these lectures have been brought up-to-date 
and considerably amplified. 

In Chapter I descriptions of discontinuous and oscillatory con- 
trollers as well as of extremal controllers, which have appeared in the 
last few years, have been included. The sections in Chapter III dealing 
with structural stability have been enlarged. A new section has been 
added to Chapter IV, concerned with statistical methods for analysing 
control systems when the disturbances are random. Chapter V, which 
is concerned with non-linear problems, has been almost doubled in 
size, mainly by the addition of an account of exact methods (where 
harmonics are not ignored) for investigating undamped oscillations. 

The author takes the opportunity to thank his colleagues and 
readers in various towns of the U.S.S8.R., as well as in the Federal 
German Republic, Japan and other countries, who sent their remarks 
and requests after the publication of the first edition of the lectures. 
The author has considered the larger part of them during the prepa- 
ration of the book for the second edition. 


CHAPTER I 


GENERAL INTRODUCTION TO 
AUTOMATIC CONTROLLERS 


1. General Considerations of Control Processes. 
Terminology 


Automatic control is that process by which any quantity in a 
machine, mechanism or other technical equipment is maintained or 
altered according to given conditions without the direct participation 
of man, with the use of instruments called automatic controllers as- 
sembled specially for this purpose. 

The fixed state of a machine or other equipment is usually dis- 
turbed by external actions, called disturbances. Whatever the nature 
of these disturbances, the corrective action of the controller must 
compensate for their disturbing action on the process. For example, 
the constant rate of revolution generated by a motor is disturbed 
by a change in the external load, and can be maintained only by action 
on the element which controls the supply of steam, fuel, etc.; the 
constant temperature in a room is disturbed by a change in the 
conditions of heat exchange, and must be compensated for by a 
change in the heating intensity in the room; the course of an aeroplane 
is disturbed by gusts of wind, by air pockets and other changes in the 
flight conditions, and must be maintained by means of action on the 
rudder, etc. 

To keep a certain quantity constant, we could measure the 
disturbance and act on the machine in a way depending on these 
measurements. This method of process stabilization, called automatic 
compensation, is sometimes used, but when the sources of disturbance 
are very varied for one and the same machine, it is impractical. All 
the possible sources of disturbance can rarely be foreseen, moreover, 
they are often inside the machine itself (such as changes in lubrication 
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conditions, temperature and so on). Also, in many cases it is in general 
impossible to control the process using only automatic compensation. 

To keep some quantity constant, instead of measuring the many 
different disturbances, we restrict ourselves more frequently to the 
measurement of the quantity which has to be controlled, and act 
on the machine in a way which depends on the deviation of this 
quantity from the desired value. The control then needs only one 
measurer however many different disturbances are present. Of course, 


Controlled Quantity 


Controlled 


Amplifier object 


Control 
element 


Setting 
mechanism 


Fra. 1 


the measured quantity cannot now be maintained absolutely exactly, 
since it is the deviation from the desired value which calls forth the 
corrective action on the machine. The fundamental scheme of a control 
system constructed on this principle is shown in Fig. 1. 

The machine, mechanism or other equipment to which the con- 
troller is connected in order to put into effect the process of automatic 
control is called the controlled object, while the part of the controlled 
object which the controller acts upon is called the conérol element. 
The quantity which is subject to control is called the control quantity 
or the controlled parameter. 

In order that the controller can cause the action on the control 
element it must contain a measuring instrument — the sensor of the 
controller — which measures the deviation of the controlled para- 
meter from the desired value and a mechanism — the setting mechan- 
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ism — by means of which the desired value of the controlled quantity 
can be set up. 

When the controller sensor can develop enough force and energy 
to move the control element with the necessary speed for any deviation 
of the controlled parameter from the desired value, it is connected 
directly to the control element. In this case, the controller is said to 
be a controller of direct action. Because of the exceptionally simple 
construction of direct action controllers they have until now been 
very common, but their use is restricted to objects which require 
little force to move their control elements. 

In all other cases, the sensor is used only as a control instrument: 
a signal from the sensor controls an amplifier (hydraulic, electronic, 
metadyne and so on) which develops sufficient force and power to 
displace the control element by using an external supply of energy. 

A controller which includes an amplifier of this kind is said 
to be a controller of indirect action. 

The unit of an indirect action controller which is directly con- 
nected to the control element and sets it in motion is called the 
regulating unit of the controller. Various electric motors, hydraulic 
and pneumatic mechanisms, etc., can be used as regulating units. 

We have already pointed out that no single controller can exactly 
maintain the desired value of the controlled quantity since, because 
of the principle of action itself, the controller only comes into operation 
after the process has been disturbed under the action of some disturb- 
ance or other. The changes of the controlled parameter brought 
about as the result of a disturbance and the controller action provoked 
by this disturbance are called the control process. The design of a 
controller must satisfy the strict technical requirements demanded 
by the nature of the control process. In addition, controllers usually 
possess a tendency to stir the process, to destroy its stability,* which 
has to be overcome during their design and adjustment. In order to 
guarantee stability of control and to facilitate the conditions under 
which the high demands made by the technical requirements on the 
control process can be satisfied, controllers are made more complicated 
by the introductions of various units specially intended for these aims. 
Such units include various internal feedbacks, with derivative, in- 
tegral or forced action, with artificially introduced delays or breaks 


* A definition of the term ‘‘stability” will be given in Chapter III. 
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in the action circuit, and so on. All units of this kind bear the name 
stabilizing units. 

If the state of an object is disturbed by a change in the load on 
the controlled object and, further, the new load is maintained at a 
constant value (the residual load), then the controller may either 
restore the controlled parameter to the desired value independently 
of the magnitude of the disturbance, or it may set up a new value 
of the parameter which differs little (compared to the static error) 
from the old value, but which depends on the size of the residual 
disturbance. In the first case the controller is said to be astatic, and 
in the second static, with respect to this disturbance. The curve 
relating the value of the controlled parameter maintained by the 
controller to the residual load on the controlled object is called the 
static characteristic of the control system. In a number of cases astatic 
control must be used, but frequently static control with a small 
static error will be sufficient. As a rule static controllers prove to be 
more stable, and they ensure that the process is of high quality because 
they use simpler, and consequently also cheaper, methods of stabiliz- 
ation. Sometimes static control is essential for the correct operation 
of the objects as, for example, in the control of several machines 
working in parallel. 

The account given above is directly concerned with controllers 
which are constructed to control a single variable. In industrial 
practice it is often necessary to control several variables in one object. 
If the variables are not connected to one another through the object, 
that is, 1f a deflection in any control element is caused by a deviation 
in one controlled variable only, and not by deviations in any other 
controlled variables, then each variable is controlled by its own 
controller. In this case the controllers assembled in the object act 
independently of one another. 

It is often necessary to control objects in which the controlled 
variables are interdependent. A deflection in one control element for 
such objects causes a deviation in several of the controlled variables. 
If the object contains several independent controllers, then the ope- 
ration of one of the controllers will cause a deviation in the other 
controlled variables, thus setting the other controllers into operation. 
Under these conditions, the controllers may interfere with one another. 

For example, when controlling intermediate steam-selection 
turbines used for district heating plants, both a controller for the 
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angular velocity of the rotor and controllers for the steam pressure in 
the intermediate chambers are used. A pressure change in one of the 
chambers causes the pressure in the other chambers to change and 
also changes the angular velocity of the rotor. Conversely, a change 
in the load on the rotor changes not only its angular velocity but also 
the steam pressure. 

It is often found advisable in such cases to connect the separate 
controllers in a single control system. In a connected system the 
control process of each controller controls not one but several or all 
of the control elements. 

Such systems are said to be multiple. In multiple systems, the con- 
trol process for any one quantity cannot be considered independently 
of the other variables, and the system as a whole must be considered 
as a single multiple complex. In a number of cases the connexions 
between the separate controllers can be chosen so that a deviation 
in one of the controlled quantities does not cause a deviation in the 
others, despite the mutual connexions through the object between 
the controlled quantities. They are compensated for by external coupl- 
ings between the controllers. These systems are said to be independent. 

In the following sections we describe automatic control units of 
basic types, giving simple examples, mainly of controllers of techno- 
logical processes. The reader will find many more complex, and also 
more specialized, examples in specialist manuals and textbooks. 


2. The Simplest Systems of Direct Control 


Direct action controllers were the first controllers to become 
widely used. 

Because of the exceptional simplicity of their construction and 
their operational reliability they have, until now, been widely used 
to control the angular velocity of revolving parts of machines, the 
level of liquid in various capacitances and the gas pressure in gas 
mains and gasometers. 

Figure 2 gives a typical example of the layout of a centrifugal 
direct action controller. When the angular velocity of the machine 
shaft deviates from a given value (fixed by altering the tension in 
the spring) the centrifugal force of the weights changes and the 
equilibrium position of the coupler connected to the control element 
of the machine changes correspondingly. 
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Figure 3 gives another example of a centrifugal direct action 
controller. The weights in this controller are small balls held down by 
a spring between the plane and the conical plates. When the centri- 
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fugal force changes, there is a change in the distance between the 

centre of the ball and the axis of revolution. 
Unlike these so called conical controllers, plane controllers 

(Fig. 4) are such that the weights move in the plane of revolution. 
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As a result, the forces on the weights consist not only of the centrifugal 
force of inertia, which depends on the angular velocity, but also of the 
tangential force of inertia, which is proportional to the angular acce- 
leration. The instantaneous position of the coupler and, of course, of 
the control element is determined not only by the deviation of the 
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controlled parameter (i.e. the angular velocity) from the desired 
value, but also by the size of its first time-derivative (i.e. the angular 
acceleration). The controller in Fig. 4 is an example of a direct action 
controller with derivative action. 

Together with centrifugal controllers, float level direct action 
controllers are common. They are used very widely, from those in 
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the carburettors of automobile engines (Fig. 5) to large-scale controllers 
in large industrial reservoirs (Fig. 6). 

The range of application of direct action pressure controllers is 
just as wide. Any reducing valve or gas reducer (Fig. 7) gives, on a 
small scale, an example of such a controller. And, as examples of 
large controllers which sometimes develop forces measuring hundreds 
of kilograms, and even tons, we may take the mains automatic 
controlling valves installed in large-scale gas mains (Fig. 8). 

The controllers we have described are all static. If astatic con- 
troller is disconnected from the control element and the value of the 
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controled parameter transmitted to it is changed, then the equi- 
librium position of the regulating unit which is not connected to the 
control element will also change. Thus, for example, if we disconnect 


Membrane 
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pressure 


Fig.- 8 


the coupler of the controller shown in Figs. 2 or.3 from the control 
element, then, when the angular velocity changes to each new value, 
there will correspond a completely defined position of the coupler. 

When such controllers are used a static error is unavoidable: to 
various loads on the controlled object there correspond various values 
of the controlled parameter. 
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A typical example of an astatic controller is a piston pressure 
controller, where the piston is loaded by a weight and not by a spring 


(Fig. 9). 


Load 
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pressure 
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Equilibrium is possible only for a completely defined value of the 
controlled pressure and consequently only this value of the pressure 
can be obtained for any equilibrium position of the control element. 

_: Astatic control also occurs’ in membrane pressure controllers 
with a heavy load (Fig. 10), since the force transmitted from the weight 
to the rod, when within the limits of the operating stroke of the rod, 


GENERAL INTRODUCTION TO AUTOMATIC CONTROLLERS 11 


is almost independent of its position. Centrifugal and level controllers 
may also be made astatic. 

Astatic controllers usually require some means of stabilization. 
Derivative action is most frequently used for this purpose. Figure 4 
gave an example of the construction of a centrifugal direct action 
controller with derivative action. Figure 11 gives an example of a 
pressure controller of this type. The chambers A and B are connected 
by a calibrated opening in the piston. The differential pressure on 
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the piston depends on the rate of change of the pressure in A: it is 
almost non-existent for a slow pressure change and it is large when the 
pressure changes quickly. The force produced in both pistons is com- 
pounded in the rod and is balanced by the force produced at the valve. 

. In order to stabilize astatic controllers we sometimes introduce 
“time staticism’”’, constructing the controller so that, without adamper, 
it is astatic, and connecting the controller coupler with a spring whose 
other end is fixed in a hydraulic damper with a very small calibrated 
opening* (Fig. 12). When equilibrium has been established, the damper 
piston moves under the action of the spring until the force in the spring 


* A centrifugal controller is shown in Fig. 12. We assume that the align- 
ment of the lever arms is chosen so that the characteristic of the controller is 
almost astatic. 
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is removed and the static error is eliminated. This unit is the simplest 
example of a floating control mechanism, about which we shall say 


more later. 
We now consider an example of an electric direct action controller. 


Figure 13 gives the scheme of the static control of the potential 
of a generator by means of changing the current in its excitation coil. 
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To maintain the desired potential, the necessary change in the ex- 
citation current is made by changing the resistance of the carbon 
piles, which depend on the tension in the spring and on the force 
produced by an electromagnet to whose coil the difference between the 
potential of the generator and the standard potential U, is applied. 
When the generator potential changes, so does the current in the excita- 
tion coil of the electromagnet, the pressure applied to the carbon piles 
and the excitation current of the generator, so that the necessary decre- 
ase in the deviation of the potential from the desired value is obtained. 

This controller is a direct action controller, since the energy 
which is required to produce the controlling action (the pressure 
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applied to the carbon piles) is here obtained from the controlled object 
via the sensor. 

The basic advantage of direct action controllers is their exception- 
ally simple construction. Experience in their use has shown, however, 
that they also possess many defects. 

In direct action controllers it is unavoidably necessary to increase 
the size of the moving masses in order to ensure the large translatory 
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forces required. As a result, the stability of the controllers is decreased. 
Large forces increase friction, and so the insensitivity increases. 

In some cases these forces reach hundreds of kilograms, and some- 
times several tons, or even tens of tons. Moreover, difficulties arise in 
the choice of measurers for many parameters (such as temperature) 
which could produce any large translatory force with a sufficiently 
high accuracy. 

This leads naturally to a simple idea: to place an amplifier between 
the measurer and the control element so that the necessary translating 
force can be produced in the amplifier by transferring energy from 
outside, and a low power measurer may then control the amplifier. 
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3, Astatie Controllers of Indirect Action 


A typical example of an astatic indirect action controller with a 
hydraulic amplifier is shown in Fig. 14. In equilibrium the valve re- 
turns to the same (neutral) position independently of the position of the 
piston and of the control element moved by it. The ‘pointer’ of the 
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sensor* returns accordingly to the same position, and hence for any 
load the value of the controlled parameter which is set up will be the 
same. 

Figure 15 shows a similar controller, with jet distribution. The 
fact that in the equilibrium position the jet pipe must be set exactly 
mid-way between the receiving nozzles ensures that the controller is 
astatic. 

* By the pointer of the sensor is meant, conventionally, some part of it 
whose position is proportional to the position of the point of the sensor by 
which it is connected to the preceding element in the control system. In sensors 


with indicators or recording systems, this could literally be a pointer, or in 
‘‘blind” devices, any point of their moving system. 


GENERAL INTRODUCTION TO AUTOMATIC CONTROLLERS 1d 


_ An example of a controller with a pneumatic astatic amplifier 
is shown in Fig. 16. The air pressure in chamber A between the fixed 
restriction and the nozzle covered over by the flapper depends on the 
position of the flapper. For normal sized nozzles the working stroke 
of the flapper does not exceed 0-1 mm. Thus, a very slight displacement 
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of the flapper is sufficient to make the air pressure in A fall to almost 
atmospheric pressure or rise to the pressure in the supply line. When, 
equilibrium has been reached in the system, the flapper returns to 
roughly the same position (within the limits of the very small working 
stroke). Hence in any equilibrium position, the value of the controlled 
parameter will be the same. | 

The pressure change in the chamber A controls the output from 
a second amplifier, namely the pressure in chamber B. The air is 
conducted under this pressure to the membrane control unit. 

The speed contrel system for an electrical machine shown in 
Fig. 17 represents an astatic controller of indirect action like those 
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considered above. The signal characterizing the value of the controlled 
quantity, the speed of the machine, is obtained here with the help 
of a tachogenerator. The potential of the tachogenerator is compared 
with the standard potential U,, which characterizes the desired 
machine velocity. The potential difference is communicated to the 
input of an amplidyne whose output is connected to a control motor, 
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which alters the resistance in the excitation coil circuit of the electric 
motor. Equilibrium in the system may, clearly, only take place when 
there is no potential at the input of the amplifier, and hence no 
deviation of the machine velocity from the desired value. 

Figure 18 shows the circuit of an automatic temperature control 
svstem using an astatic indirect action controller. The temperature 
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of the controlled object, the heat exchanger, is measured by a resistance 
thermometer in the electrical bridge circuit which is balanced by a 
resistance £, when the temperature is at the desired value. When the 
controlled temperature deviates from this value, a potential U will be 
produced in the measuring diagonals of the bridge, its sign and magni- 
tude determined by the sign and magnitude of the temperature 
deviation. This potential, amplified by an electronic amplifier, . is 
transmitted to the input (control coil) of a magnetic amplifier, which 
is in one of the arms of the inductive bridge and is transformed into 
a variable current potential. The bridge circuit supplies the control 
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coil of a two-phase asynchronous motor with a short-circuited rotor 
moving the control tap which increases or reduces the supply of heat.* 

In static direct action controllers there is a one-to-one correspond- 
ence between each position of the sensor pointer and the position of 
the control element. In contrast, in astatic controllers, the position 
of the sensor pointer determines the displacement velocity of the 
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control element but not its position. The examples given above in- 
cluded both those controllers in which the velocity of the control 
element increases smoothly as the deviation of the sensor element 
increases (Fig. 17) and relay controllers, where even a very small 
deviation of the pointer causes the control element to move with a 
constant velocity (Fig. 16). Depending on its properties any astatic 
servomotor can approximate to a relay servomotor if the working 
stroke of the sensor is decreased. | 

The introduction of an amplifier enables us to use high quality 
measuring instruments with’ a small moving mass which develop 


* For the sake of clarity, the amplifier circuits shown here are simplified, 
being single-stage, and with only one controlled arm in the bridge. In actual 
circuits two- and three-stage electronic amplifiers are used, and two, or some- 
times all four, arms of the bridge are controlled. 
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small forces.* But because of this introduction of an astatic amplifier, 
the one-to-one correspondence between the position of the pointer 
and that of the control element is destroyed, and this encourages 
instability. 

The invention of feedback enabled us both to use an amplifier 
and to retain the one-valued correspondence between the position 
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of the control element and that of the pointer of the sensor. The 
development of contemporary control techniques is basically con- 
nected with this invention. 


4. Rigid (Proportional) Feedback. 
Static Indirect Action Controllers 


The controllers which we examined in the previous section are 
shown in Figs. 19—23 with the addition of rigid feedback. Because 
of the feedback, the. position of the controlling unit of the amplifier 


* * Up to a few grams, but sometimes only a fraction of a gram. 
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depends not only on the controller sensor but also on the deflection 

in the regulating unit. . . 
In the simplest case (Fig. 19) the feedback is realized by placing 

the support of the lever / on the piston rod. Although the valve (and 
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the hinge a) take up a neutral position in equilibrium, as before, 
the position of the piston determines the displacement of the hinge 
6 and, therefore, of the hinge ¢ which is connected to the sensor. 
Due to this, the deviation of the sensor pointer is proportional to the 
displacement of the piston and, of course, the control element also. 
The feedback restores the simple correspondence between the deflection 


GENERAL INTRODUCTION TO AUTOMATIC CONTROLLERS 21 


Contra! 
efemesrt 


———_—_,_—_—,, | a __ 
Diaphragm 


Va 
ge .” oe = i ~ \ Servomotor 
Feedback or zal 


piston 


Son Feedback lever 
a.) 


Y 


‘We 
-¥. 
OLN 
‘ 
‘ ‘ge 
- ao w 
eum’, mw 
” 5% 
an G 
a-@:.:: 


LLL LL 


\ 


Pane | 
— 
a 


\ 


Z 
= 
a 
I] 
= 
S 

S 

\ 


WL LZ 


Fie. 21 


22 THEORY OF AUTOMATIC CONTROL 


of the sensor pointer and the position of the control element. This 
furthers the stability of the system but makes it static, that is, once 
again a static error is introduced: to each value of the load on the 
object there corresponds its own value of the controlled parameter. 

In the example just considered, the feedback was realized by a 
rigid lever. Feedback in the pneumatic controller shown in Fig. 20 
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acts in exactly the same way. In this case the position of the flapper 
depends not only on the deviation of the sensor pointer but also on 
the tension in the feedback bellows to which the air directed to the 
regulating unit is brought. In the position of equilibrium the tension 
in the bellows is proportional to the position of the control element. 

The feedback in a jet controller (Fig. 21a) is constructed some- 
what differently. Here the jet tube is squeezed between two springs. 
One of them is compressed by the sensor of the controller, and the 
other by the feedback piston. The tube acts as if it were scales 
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weighing the difference between the tension of the springs. In the 
position of equilibrium the jet tube returns to the neutral position, 
but the tension in the spring above the tube must then be equal 
to the tension in the spring below the tube, i.e. the value of the con- 
trolled parameter in the position of equilibrium is determined by the 
position of the control element. 
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One more example of this kind, for a valve distribution, is shown 
in Fig. 216. In this controller the feedback compresses the spring 
which directly acts on the sensor. 

The controller of the speed of an electric motor, shown in Fig. 22, 
is an example of an electric indirect action controller with rigid feed- 
back. Here the feedback signal is obtained from a potentiometer 
whose slide is rigidly connected to the cursor of the rheostat in the 
excitation coil circuit of the motor. The input of the amplidyne 
receives, in addition to the error signal, a feedback signal. Of course, 
here too the improvement achieved in the dynamic properties of the 
control system is bought at the cost of introducing a residual deviation 
in the controlled quantity, in so far as in this system an equilibrium 
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state can only be attained when there is a deviation in the motor speed 
from the desired value such that the difference in potential of the tacho- 
generator and the standard potential U, balances the potential of 
the feedback signal. 

Figure 23 shows the simplified circuit of a temperature controller 
with rigid feedback. Here, in contrast to Fig. 18, the displacement of 
the control element causes a change in the resistance of one of the 
arms (R,,) of the measuring bridge, as a result of which there is a 
change in the temperature for which the bridge balances. Thus there 
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corresponds one equilibrium value of the controlled temperature to 
each value of the load and therefore to each position of the control 
element. 

In the system used to control the speed of an electric motor, 
shown in Fig. 24, there is no special feedback element, although this 
system is also static, since all the elements in the control circuit are 
static. 

Figure 25 shows the circuit of an automatic voltage regulator, 
which makes use of the influence of the generator excitation on the 
generated potential. The desired value of the generator potential is 
here attained by changing the position of the crossarm of the plane 
controller and at the same time changing the resistance in the ex- 
citation coil circuit of the generator and the current flowing through 
a given coil B, of the amplidyne. Through the coil B, of the amplidyne 
there flows a current proportional to the generator potential. The 
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difference between the ampere turns in B, and B, determines the 
value of the potential at the amplifier output, and therefore also the 
potentials of the exciter and the generator. 

All the elements of this controller are static, and the controller 
as a whole is static. This is obvious, and immediate, since a change in 
the steady value of the control action is here necessarily connected 
with the change in the deviation of the potential from the desired 
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value, and to each value of the load current there corresponds a dif- 
ferent value of the potential. 

It was shown above that the feedback which restores the one- 
valued correspondence between the positions of the sensor pointer 
and of the control element promotes the stability of the system but. 
also introduces a static error. The idea of so constructing the feedback 
that it can act only during the control process and is removed when 
the system approaches the equilibrium state naturally arose, Feedback 
constructed in this way enables us to combine the advantages of 
static and of astatic controllers. During the control process the 
controller operates as if it were static, but, gradually, according to 
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how much of the feedback effect is removed, the value of the para- 
meter maintained by the controller returns to the same value. 
Feedback of this kind is given the name ‘‘floating’’. 


5. Floating Feedback 


Figure 26 shows a hydraulic valve controller with floating feed- 
back. When the piston of the hydraulic amplifier moves, the point a 
of the feedback lever also moves, since the oil filling the hydraulic 
damper does not have time to flow through its small calibrated opening. 
But when the amplifier piston is motionless, the oil in the damper 
slowly flows from one space to the other under the action of the 
floating component, and the point b always returns, slowly, to its 
initial position. The point a returns to its initial position, since in the 
equilibrium position the valve must close the port. In the equilibrium 
position, therefore, the point also returns to the old value of the 
controlled quantity. 
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An example of a pneumatic floating controller is given in Fig. 27. 
In contrast to the controller of Fig. 20, the feedback effect is here 
gradually removed as a result of the flow of the liquid (toluene) out 
of the bellows A into the bellows B through the controlled throttle. 


When the pressure in A is equal to that in B the feedback rod balances 
and returns to its initial position. 
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The floating control unit of an aggregate unifissionary system 
(AUS) is shown in Fig. 28. A pressure proportional! to the instantaneous 
value of the controlled quantity is led along the channel O, and along 
the channel O, is conducted a pressure proportional to the desired 
value of the controlled quantity. 

When the controlled quantity deviates from the desired value 
a pressure difference occurs, which displaces themembrane and changes 
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the position of the flapper fixed to the membrane in the first stage of 
the amplifier. The pressure set up at the output of the second stage 
of the pneumatic amplifier is led underneath the membrane to the 
chamber A; total feedback is thus put into effect. In order to control 
the effect of the feedback this same pressure is brought to chamber B 
through a controlled throttle. If the pressure in chambers A and B 
were equal, then the feedback effect would be removed. But, because 
of the presence of the throttle, the pressure in B is less than that in A, 
and by changing the size of the throttle opening, we can change the 
effectiveness of the feedback. The pressure from A is led through 
another controlled throttle to the empty chamber C. In time the 
pressure in C always becomes the same as that in A, but the time taken 
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for these pressures to become equal can be changed by altering the 
section of the throttle. The resulting system maintains the pressure 
in chamber D equal to the pressure in C. Therefore the pressure in all 
the chambers (A, B, C and D) is gradually equalized and the feedback 
effect is thereby removed. 

The hydraulic and pneumatic controllers with floating feedback 
which we have just described are also used in electrical controllers. 
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Thus, for example, a floating system of temperature control can be 
obtained by substituting the rigid transmission from the control 
element to the feedback resistance arm in Fig. 23 by a transmission 
which includes an air or liquid floating component. Floating feedback 
can, however, also be realized by purely electrical methods, as shown 
in Fig. 29. In this system the feedback signal is derived from a potentio- 
meter and is supplied to the control system via a network containing 
a resistance & and a capacitance C. During the transient state of the 
system this signal will, together with the deviation signal, act on the 
subsequent elements of the system, although if the control element 
were motionless, which never happens, the feedback signal would die 
away at a rate depending on the charge on the condenser of C, and 
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would always be zero in the steady state. It is obvious here that the 
feedback will not cause residual deflexions in the controlled quantity 
to appear. 

The potential controller shown in Fig. 30 is an example of a 
floating controller constructed by introducing an astatic element into 
a static controller. Here, when the potential becomes different from 
the desired value, the coil B, of the amplidyne immediately becomes 
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effective. Simultaneously the potential of the coil B, begins to change 
at a speed proportional to the deviation in the potential. Equilibrium 
in the system occurs when the potential deviation becomes equal to 
zero. The potential of B, then also returns to zero, and that of B, 
becomes equal to the potential necessary to maintain the generator 
potential at its desired level, and the motor which displaces the 
potentiometer slider stops. 

The amplidyne potential controller shown in Fig. 31 is another 
example of a controller with flexible (floating) feedback. In contrast 
to the static potential controller examined above, here the flexible 
feedback introduced into the control system is realized with the help 
of a stabilizing transformer. The current in coil .B, of the amplidyne is 
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proportional to the rate of change of the exciter potential, and the 
primary coil of the transformer is connected to the exciter. In the 
steady state the exciter potential is invariable and the current in Bs, 
supplied by the stablizing transformer, is equal to zero. Thus, this 
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feedback, like allfloating feedbacks, does not increase the steady 
deviations of the controlled quantity from the desired value. 
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6. Derivative Actions 


In Section 2 of this chapter we gave the most simple example 
of a direct action controller using derivative action. In indirect action 
controllers derivative action is widely used as a method of stabilization, 
the unit producing the action being placed at various points of the 
circuit. 

In addition to mechanisms which directly measure the derivative 
from the controlled parameter* differentiating units are widely used. 

An example of a pneumatic unit producing derivative action is 
shown in Fig. 32, which gives the scheme of the anticipation unit of 
an aggregate unifissionary system. For a slow change in the input 


* An example of such a mechanism is a tachometer when the controlled 
parameter is the angle of revolution of any shaft. 
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pressure the output pressure differs little from it, but if the input 
pressure changes rapidly then output pressure will be larger than it 
and, moreover, the higher the velocity of change of the input pressure 
the larger will the output pressure be. Thus, the output pressure 
depends both on the magnitude of the input pressure and on the speed 
at which this pressure is changing. The amplifying part of this unit is 
the same as that in the controller of Fig. 28. 
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In electrical controllers derivative action is most often introduced 
into the control system by means of a so called differentiating or RC 
circuit, the arrangement of which is shown in Fig. 33, where we show 
in its simplest form a system of automatic voltage control using deriv- 
ative action. The signal of potential deviation is sent to the input 
of the differentiating circuit which consists of a capacitance C and 
resistors #, and #,. A signal proportional to the potential deviation 
and to the time derivative of this deviation is then obtained across f,. 

The current through the resistor R, may be assumed to be ap- 
proximately equal to the sum of the independent currents Ip, flowing 
through the resistor R,, and Ic, flowing through C. The current Ip is 
obviously proportional to the potential at the input and I¢ is propor- 
tional to the rate of change of this potential. The potential across f,, 
which is is used as the output signal, being proportional to the total 
current through R,, therefore contains components proportional to the 
input signal and to its rate of change. | 
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Figure 34 gives the circuit of a controller of the speed of an 
electrical machine, where the derivative action signal is obtained by 
using a stabilizing transformer. The potential U,, proportional to the 
deviation of the speed of the machine is applied to the primary coil 
of the transformer. The potential of the secondary coil, U,, which is 
proportional to the rate of change of U, is applied to the coil B, of 
the amplidyne, as a result of which the control action becomes propor- 
tional not only to the deviation of the speed, but also to the derivative 
of this deviation. 

7. Multiple Control 


An example of a system of multiple control is given in Fig. 35. 
This is a hydraulic controller with connexions joined after first-stage 
amplification. In this circuit each sensor controls only one amplifier. 
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Each of the second-stage amplifiers is controlled by the two first-stage 
amplifiers. 

Figure 36 shows a similar circuit with the connexions joined 
directly after the sensors. 

Here each sensor controls all the hydraulic amplifiers, but any 
one amplifier is connected to only one control element. 
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Another example of multiple control is afforded by a system of 
control with two regulating units leading to two control elements 
(Fig. 37). 

The feedback potentiometers shown in the circuit are connected 
in such a way that a displacement in one of the control elements 
causes a corresponding displacement in the other. 

Another example of multiple control is shown in Fig. 38. 

In this circuit the position of the setter of the steam flow controller 
depends on the sensor signal reacting to the temperature change. 
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8. Two-position (Oscillatory) Controllers 


The controllers described above all possessed a position of equi- 
librium. This means that for each value of the load on the controlled 
object and for each position of the setting mechanism of the controller 
there existed a position for all elements in the controller in which they 
and the controlled object were in equilibrium.* But we can also con- 
struct controllers so that the system as a whole which contains them 
does not, in principle, possess an equilibrium position. Such controllers 
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set the control element in only one of two fixed positions (for example, 
“completely closed’’ or ‘completely open’’) or else move it with one 
of two fixed velocities (for example, ‘‘full speed forward” or ‘‘full 
speed backward”’). To obtain equilibrium of the controlled object and 
the controller it would be necessary to set the control element in an 
intermediate position, determined by the load, but these controllers 
cannot do this and they move the control element when there is a 
change in the sign of the difference between the actual value of the 
controlled parameter and the desired value set by the setting mechan- 
ism. As a result the operating state consists of undamped oscil- 
lations: the controlled parameter oscillates about the desired value, 


* This equilibrium can be stable or unstable (this depends on the tuning 
of the controller) but it exists in principle. 
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and the control element or its velocity continuously ‘“‘jwmps’’ from 
one extreme position to the other. 
Controllers of this kind are called two-position or oscillatory. 
The simplest example of a two-position temperature controller is 
shown in Fig. 39. 
.The sensor in this controller is a contact mercury thermometer. 
The position of the contacts sets up the required temperature 
value. When the mercury column closes the contacts, the heater is 
completely turned off and when it opens them, the heater is completely 
switched on. The required temperature value can be set up neither 
when the heater is completely switched on nor when it is completely 
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switched off, and requires an intermediate degree of heating. As a 
result oscillations are set up: the maintained temperature oscillates 
about the desired value, the mercury column oscillates about the 
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contact plates and the heater uninterruptedly switches alternately on 
and off; when the maintained temperature changes, the relation 
between the time during which the heater is turned on or off (in one 
oscillatory cycle) changes. 

Figure 40. shows a temperature controller with the same sensor. 
[In contrast to the controller considered before (Fig. 39), in this one 
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when the mercury closes the contact plates, the electric motor which 
drives a rheostat cursor through a reduction gear with constant veloc- 
ity 1s switched.on and changes the degree of heat. When the plates 
open, the direction of rotation of the motor changes. 

The circuit of a voltage regulator for an automobile dynamo is 
shown in Fig. 41. 

When the required potential is attained the relay contacts are 
opened and the additional resistance R, of the excitation coil circuit 
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is included, so that the potential U falls, the resistance R, is then cut 
out and so on. . 

Sometimes a two-position (oscillatory) unit is used as an element 
of a more complex controller, for example in one of the stages of an 
amplifier. Besides this unit the control circuit contains continuous 
units. Their parameters are chosen so that they practically do not 
react to the oscillations of the oscillating element, but average them 
and react only to the disturbances of the mean value of the oscillation. 
Controllers of this kind are sometimes called combined. 

An example of a combined controller intended for the control of 
the potential of an electric generator is given in Fig. 42. 

If, in this controller, the contact K, is prevented from moving, 
then changes in the potential U cannot influence the operation of the 
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system, and the controller may then be considered as an ordinary 
oscillatory controller of the potential at the terminals of the exciter B: 
it periodically switches the additional resistance #, in and out of the 
excitation circuit of the exciter. But in reality the contact K, is not 
motionless, and moves when the potential U, at the terminals of the 
main generator changes. Thus, the average value of the oscillation in 
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the oscillatory controller is displaced, since the relative time for which 
the contact is switched on in each oscillatory cycle is changed. 

The system as a whole operates in such a way that the potential U 
cannot in practice perform oscillations (they are filtered out by the 
large inductance of the excitation circuit of the generator JZ), but the 
oscillatory circuit is essential to the system and plays the part of a 
special oscillatory regulating unit. 


9. Controllers of Discontinuous Action 


All the controllers described in the previous sections were con- 
tinuous. Every element acted continuously on the following element. 
In some cases (when there existed a relay, saturation limits and so on) 
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this action of one element on the next could, during various stages 
of the process, remain unchanged but it.constantly influenced the 
conduct of the next element (for example, by determining the moments 
for closing and opening contacts). In addition to these controllers, 
there are also controllers of discontinuous action, in which the action 
circuit closes or opens in a manner which is independent of the way 
the process behaves. 

A very simple example of a controller of this type is shown in 
Fig. 43. It differs from the temperature controller represented in 
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Fig. 18 only by the presence of an interrupter (key) which is periodic- 
ally actuated by a cam driven by an electric motor. Due to this 
interrupter in the sensor circuit, the temperature is measured and 
acts further on the circuit not continuously but only during the time 
intervals when the key is closed. In these intervals the controller 
acts exactly in the same way as the continuous controller (Fig. 18). 
In the periods when the key is open the control element of the object 
does not move. 

Figure 44 shows a sensor with a chopper bar which is often used 
in discontinuous controllers in place of a key. The chopper is raised 
and lowered by the cam or cam gear which is rotated by an electric 
motor. When the chopper is raised, the sensor does not act on the 
controller and the control circuit is open. During this time the control 
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element does not move. When the chopper is lowered, the sensor 
pointer presses against one of the potentiometer arms and the circuit 
closes. A rectangular pulse is produced at the output of the sensor, 
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its height depending on the position of the pointer at the moment 
when the chopper bar presses it to the contact. 
Figure 45 shows the sequence of pulses obtained at the output 
of the sensor when the controlled quantity changes sinusoidally. 
A different construction using a chopper bar is shown in Fig. 46. 
Here the chopper presses the pointer to one of two possible contacts, 
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which of the two being determined by the sign of the input. The 
height of the pulse produced at the sensor output when the pointer 
makes contact is constant, and the width of the pulse (the time of 
contact of the pointer), because of the taper on the bar, depends on 
the position of the pointer at the moment of contact. The sequences 
of pulses for a sinusoidal input signal in this case is represented in 
Fig. 47. 

The theory of discontinuous control shows that discontinuous 
controllers have several advantages when compared with continuous 
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controllers, in particular in the control of objects with large delays. 
But the use of discontinuous controllers in the automation of pro- 
duction is often explained not only by these, but also by purely tech- 
nical advantages. When a chopper bar is used, ordinary low power 
pointer devices may be employed, without any loss of accuracy, since 
measurement and setting are separated in time. During measurement 
the device is cut off from the controller and no additional load from 
the side of the subsequent elements of the controller is transmitted to 
its moving system. 

Also in discontinuous control the controller is disconnected from 
the object for a large part of the time. This enables one to use the 
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same controller for several (sometimes several dozen) parameters in 
turn (every cycle or according to a given curve). For this purpose the 
controller is connected in turn during one or several pulses to each of 
the sensors and to the corresponding regulating unit and moves the 
latter in correspondence with the indications of the sensor. 


10. Extremal Controllers 


Let the value of the controlled parameter be y and the position 
of the control element be x. In some cases the static characteristic 


Fig. 47 


of the object, y = f(x), has an extremum (maximum or minimum). 
Depending on various factors the function f(x) will change and the 
point corresponding to the extremum will move in the xy-plane (Fig. 
48). It is often required to maintain y at the value corresponding to 
the extremum of the function y = f(z). 

For example, let us consider the problem of maintaining the 
highest temperature in the flame of an oil-burner. 

The sources of the oxygen used for the fuel combustion are 
varied: primary air, secondary air, oxygen blowing, ‘‘unorganized air”’ 
(the seeping through thin material) and so on. 

Let us suppose that the burner is given a constant quantity of 
fuel and that there is a damper which can, for example, change the 
supply of secondary air. 

If the quality of the fuel and the quantity of oxygen supplied 
by the other sources were constant, then in order to maintain the 
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maximum flame temperature a definite quantity of secondary air 
would be required. :n ordinary controller could maintain it. But if 
the oxygen received from the other sources changes then in order to 
maintain the maximum temperature the quantity of secondary air 
must also be changed. This problem can be solved by an ordinary 
controller, but it is then necessary to measure the supply of oxygen 
from all the sources, and the quality of the fuel, and to reset the setter 
of the secondary air controller so that the rate of flow of secondary 
air maintained by it would always secure the maximum temperature 
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of the flame. This is complicated, and often not possible; it is difficult, 
for example, to measure the accidental inflow of air through various 
thin surfaces in a stove. This problem can, however, be solved by a 
controller which is such that only the controlled quantity is measured 
(in this example, only the flame temperature) and the controller itself 
continuously ‘‘searches’’ for the position of the control element giving 
to the measured quantity its maximum or minimum value. A controller 
of this kind is called an extremal controller. At present, extremal 
controllers are only just beginning to be used in automation. But 
their advantages are indisputable, and in the near future they will be 
widely used. 

The simplest scheme of an extremal controller is shown in Fig. 49. 
The value of the controlled quantity, y, which is measured by the 
sensor, is transmitted to the differentiating unit. Its output signal is 
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proportional to the derivative + . Later in the circuit there is a 
, ; ; dy 
divider, which receives one signal proportional to ae and another pro- 
dx 
portional to the rate of change of the control element coordinate ae 


d 
The output from the divider is therefore proportional to their ratio“ 
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When this derivative changes in sign, a relay reverses the regul- 
ating motor, i.e. changes the direction of change of the control elem- 
ent. We can consider the unit as a whole as an ordinary controller 


da d . 
maintaining the quantity at a value = 0. The sensor, reacting 
hy 


to the deviation in y, can be considered, together with the differen- 
tiating unit and the divider, as a sensor reacting to the controlled 


d: e 
parameter = . But the value of this parameter becomes indeterminate 
| 2x 


oy 


. dex 
if at the same time ——- = 0 and = 0. Hence such a controller can 


di 

operate only if the control element does not stop when the maximum 
of y = f(x) is attained. This is ensured by the use of a two-position 
relay, 1.e. by constructing the controller according to a two-position 
(oscillatory) scheme. 

The basic disadvantage of a controller of this type lies in the fact 
that it is very sensitive to noise. In the presence of noise the charac- 
teristic y = f(x) has many small extrema (Fig. 50). The controller 
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has to be considerably more complicated if it is to distinguish the 
required (true) extremum from the bogus extrema. 

A different scheme for an extremal controller is represented in 
Fig. 51. Both the regulating motor of the controller and the constant 
frequency oscillations produced by a special oscillator act on the 
control element. 

Let us first suppose that the control element produces only oscil- 
latory movements. The oscillations of the controlled quantity y at the 
output of the object are produced with the same frequency, but their 


-Y 
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d 
phase depends on the sign of =. from the characteristic y = f(z). 


When the extremum is crossed, the sign of the phase changes. 

In the scheme of Fig. 51, the value of y is transmitted to the 
input of a phase-sensor, which reacts to the sign of the phase of the 
oscillator signal depending on its value, switches the relay which 
reverses the regulating motor. 

As a result, the control element takes part simultaneously in two 
motions: translatory and oscillatory. The oscillatory motion is used 
to obtain a signal to determine whether the required extremum has 
been attained. When the extremum is passed the direction of the 
translation of the control element is changed. 

Another method for constructing an extremal controller is shown 
in the scheme of Fig. 52. 


48 THEORY OF AUTOMATIC CONTROL 


The controlled quantity is transmitted to the input of the memory 
and of the comparing unit. In the memory unit the greatest (or least) 
value attained by the controlled quantity is stored. In the comparing 
unit the value of the controlled quantity which is stored in the memory 
unit is compared with the current value. At the moment that the 
difference between them reaches a given magnitude (for example, 0-5 
or 1 per cent of the value which is stored in the memory), an output 


Phase 
Measure: 


Oscillator 


signal is obtained from the comparing unit, which fulfils two functions: 
it switches the relay which reverses the direction of motion of the 
control element and it clears the store of the memory unit. 

The scheme of a. pneumatic extremal controller, designed at the 
Institute of Automatics. and Telemechanics of the Academy of 
Sciences of the U.8.5S. R.., is shown in Fig. 53. 

The sensor produces a pneumatic signal Py, proportional to the 
measured quantity. This signal is transmitted to the chamber A and 
also to the chamber Z of the memory block and to the chamber B 
of the comparison block. The pressure from the memory chamber in 
its turn reaches the chamber C of the memory block and the chamber 
D of the comparison block. When Py increases, the air flows from 
chamber A through the memory chamber Z to C. The pressure in A, 
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due to hydrauhe losses, is slightly more than that in C, and the mem- 
brane unit of the memory block is pressed downwards. The nozzle C, 
is closed by the valve, the pressure in chamber EH becomes equal to 
the total supply pressure and the lower membrane of the memory 
block, pressing downwards on the valve K, opens the access of air 

from the transmitter across the memory chamber Z to C. 
At the moment when P, attains its maximum and begins to 
decrease, the direction of flow is changed: the air from Z must now 
step switch 
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flow into A. But the pressure in B will then become larger than that 
in A, the membrane is pressed upwards, the nozzle C, is opened and the 
pressure in # falls. Because of this the valve K is slammed shut and 
the maximum pressure is attained in Z and, of course, in C and D. 

In the comparison block, this fixed pressure Pymax 1s compared 
with the instantaneous pressure P, which is transmitted to the chamber 
B. When the difference between these pressures reaches a given value 
6 (set by the tension in the spring S,) the nozzle C, closes and the 
pressure at the output of the comparison block, Pco, increases sharply. 

This pressure Pco is transmitted to F inthe memory block, to 
the membrane of the pneumatic step switch and across the choke 
which ensures a delay in the signal, to the chamber G of the compar- 
ison unit. Under the action of the given signal, the step switch turns the 
ratchet-wheel and the plane air distributor joined to it, by one tooth. 

The increase in pressure in /’ causes the membrane to sag down- 
wards and the nozzle C, to close. The pressure in H increases, the 
membrane unit sags downwards, the pressure in E increases and the 
valve K opens. Because of this the pressure in the memory chamber Z 
becomes equal to P,, i.e. the ‘““memory” of the memory block is 
cleared. 

After some delay, the pressure in G increases. This switches the 
nozzle C’, and causes an increase in the pressure in chambers L and: J. 
The membrane unit of the comparison block presses upwards and 
the signal Pco is removed. 

As a result, the memory and comparison blocks return to their 
initial position and are again ready for operation. But now the step 
switch distributor has been turned on by one step. 

At each turn of the distributor the pressure is alternately trans- 
mitted to the chambers V and O. Depending on this, the constant 
pressure block directs the air to the control element membrane, and 
from it to the atmosphere, maintaining a constant drop at the throttle, 
through which the air flows. As a result for each operation of the step 
switch the direction of motion of the control element, which moves 
with a constant velocity, is changed. 

Thus the control element continuously oscillates about the value 
corresponding to the maximum of the controlled quantity y. 

Let us now turn to a general consideration of extremal controllers. 
Two ways of using extremal controllers in the automation of pro- 
duction can be indicated. 
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When the quantity y, having an extremum for some position of 
the control element, is measured directly, its value is immediately 
transmitted to the input of the extremal controller (Fig. 54). In a 
number of cases the quantity y cannot be measured directly (for 
example when y is the efficiency of an assembly or the specific rate 


Fig. 54 


of flow of fuel) but it can be calculated from parameter measurements. 
In this case (Fig. 55) the measured parameters are transmitted to the 
input of a computing device in which the value of the parameter y 
whose extremum must be maintained is computed. The extremal 
controller reacts to this parameter calculated in the computing device. 
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The principles described above can be applied also in the con- 
struction of an extremal controller for several quantities. 

Let us suppose, for example, that the controlled object has 
several (say two) control elements. Let their coordinates be, respect- 
ively, 2, and x. Let the controlled parameter y = F(z,, x,) have a 
maximum (or minimum) for some values x,, and x,, (Fig. 56). The 
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surface y = F(x,, 2,) changes continuously, the values 2,, and 2%) 
corresponding to the extremum change, and the control elements 
must always be set in the positions 2) and 2p. 

To obtain this, the usual extremal controllers may be used, if with 
their help we move the control elements alternately.* Let the value 
2, = #, be fixed and let the extremal controller control the second 
control element. It then operates according to the characteristic 
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which is obtained if we intersect the surface y = F(z,, 2) by the 
plane x, = X,, and bring y to the minimum point in the section. We 
then fix xz, = #, and the same extremal controller controls the first 
control element and so on, until we obtain the absolute extremum 
(Fig. 57). 

Controllers of this kind allow us to construct a system of control 
by objects with several controlled quantities, by a method different 
in principle from that used in ordinary controllers, even in those 
cases when the problem is not to maintain the extremum but is the 
usual problem of stabilizing the desired values of the controlled 

* Other methods of solving this problem are also possible. We can, for 
example. simultaneously move all the control elements so that the point drawn 


moves along the surface to the minimum along the curve of shortest descent. 
But such a construction is more complicated. 
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quantities. In order to do this, the controlled quantities 2,, 7%, .... 
are transmitted to the input of the computing device (Fig. 58) which 
produces at its output the free parameter, some function of these quan- 
tities y = F(a, a, ...,). This function is chosen so that it has a 
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sharp minimum (or maximum) for the values of 219, 9, .. , which 
it is necessary to maintain. Then the free parameter is transmitted 
to the input of the extremal controller which moves all the control 
elements until the extremum value of the free parameter y is obtained, 
i.e. until 2,, x,,... take these required values. Of course, the positions 
to which the extremal controller moves the control elements will 
depend on the external disturbances. 


11. Individual, Specialized and Universal Controllers. 
Aggregate Systems 


The calculation and construction of controllers depends essentially 
on the purpose and peculiarities of their production. 

Controllers which are intended for the control of a particular 
object are called individual. Usually such controllers are supplied 
complete with the object and are an integral part of it. Such for ex- 
ample are the controllers of powerful turbines, jet engines, and so on. 

During the design stage of such controllers, the peculiarities of 
the controlled object are considered as data, and the purpose of cal- 
culation is to ensure the conditions which are laid down by the tech- 
nical data of the control process during the operation of this concrete 
object. 

Specialized controllers are intended to control a particular para- 
meter in various objects. As examples we may take almost all direct 
action controllers, indirect action pressure controllers, many tempe- 
rature controllers, and so on. The sensor and in part the regulating 
unit of such controllers are an integral part of them and cannot be 
altered. But it is not known beforehand, during construction and 
manufacture, where, with what objects and under what conditions 
the controller will be operated. 

Universal controllers are produced by specialized controller- 
constructing enterprises to control the most varied parameters and 
objects. Universal controllers are made so that various sensors’ and 
very varied regulating units can be adapted to them. Not only during 
construction and manufacture, but also at the time of sale, it is not 
known where the controller will operate, under what conditions, or 
even what parameters are to be controlled. This being so, there is no 
point in designing the control process, and the calculation of the con- 
troller is carried out separately with regard to the sensor or the object. 
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The controller is designed as a separate unit intended for the trans- 
formation of the input signal corresponding to the required law of the 
control effect. Great attention is paid, therefore, to securing a wide 
tuning range. Thus, in a number of universal controllers, the effective- 
ness of the feedbacks may change by a hundred or a thousand times, 
and the time of a floating component may change from a few seconds 
to several hours. 

In recent years, as a result of the wide development in the auto- 
mation of production, everywhere the production of universal con- 
trollers is being replaced by the production of even less specialized 
devices: aggregate systems of automatic control. Such systems consist 
of separate units, intended to fulfil the simplest operations on a signal, 
i.e. amplification, compounding signals, differentiation, integration, and 
so on. Any control system consists of such standard units, so that 
very varied automatic schemes may be put together from a small 
selection of units. The analysis of each unit must be done separately, 
depending on its working conditions. 

More and more frequently, conditions arise where the closed 
control circuit is completed by the consumer in his own way, and the 
analysis of the control system by the manufacturer loses its value. 
In addition, when there are similar tunings over a wide range, the 
consumer seldom resorts to an analysis of the closed control circuit. 
He requires something else from control theory: a convenient, simple 
method of discovering optimal tuning. The discovery of such methods 
has until now been rather neglected. Nevertheless, without a know- 
ledge of control theory it is not possible to construct and adjust 
controllers, or to complete modern control systems. The theory enables 
us to understand the causes of self-excitation of control systems, to 
design a correct programme of experimental running of the controller, 
and of debugging the control system. For individual and for some 
types of specialized controller, control theory enables us to design 
the controller and to foresee during its construction everything 
necessary for its prompt running. 

The remaining chapters of this book are devoted to the methods 
of control theory and to the elucidation of the possibilities offered 
by it. Only the theory of continuous control is dealt with. A knowledge 
of it will simplify the study of special subjects in control theory, the 
theory of discontinuous control and of the extremal controller, for 
the reader. 


CHAPTER TI 


THE CONSTRUCTION OF A LINEAR 
MODEL CONTROL SYSTEM AND 
THE INITIAL MATERIAL FOR 

ITS ANALYSIS 


THe linear analysis techniques of automatic control enable us to solve 
control problems to the first approximation, that is, to determine 
what kind of control process in a given system will follow a given 
disturbance, or, conversely, to find those controller parameters in the 
given circuit for which a process satisfying the given conditions takes 
place. However, problems of this kind can be completely solved only 
for some types of system, namely those defined by linear differential 
equations. Usually control systems are defined by more complicated, 
non-linear, differential equations, and therefore the initial steps of 
the analysis consists in replacing such equations by appropriately 
chosen linear equations, and in using these to study the processes 
in the given system. In some cases, such a method succeeds in eluci- 
dating the character of the processes in the actual system or even in 
completely solving them, while in other cases it assists the study of 
the processes only for sufficiently small disturbances. However, it is 
usual in any case to begin the solution with such a linear analysis. 
If the linear analysis is inadequate, then it becomes necessary to ex- 
amine considerably more difficult, non-linear, problems in order to 
solve the system. Methods for their solution have been little developed, 
and if we need to investigate not only the steady state but also the 
transients of the processes, then. we must appeal to graphical or 
numerical methods for the solution of the non-linear differential 
equations of the control process. In doing this, we have normally 
to set the parameters ‘‘at random’’, until we have succeeded in choosing 
those which ensure processes satisfying the technical data. 
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From this brief description of the state of the theory of control 
and its resources, it is evident that any research into the control 
system requires, first of all, the derivation of the differential equa- 
tions defining the control process and the ability to obtain from 
these equations their corresponding linearized form, which will be 
suitable for investigation by the methods of the linear theory of control. 

We must find first the static solution of the control system rather 
than proceed to the derivation of the equations of motion, since we 
will succeed in finding the steady values reached by all the coordi- 
nates of the system for any investigated conditions with the static 
solution. These steady values assumed by all the coordinates must 
be known for the derivation of the equations of motion in non-linear 
systems. 

It is convenient, in deriving the differential equations, to dis- 
member the system into parts, and according to the laws of uniformity, 
to derive the equations of motion for each part of the system sepa- 
rately. 

Sections 1—3 of the present chapter are devoted to all the 
questions concerning the derivation of the equations of motion. 

When the equations of all parts of the system have been obtained, 
we then find their corresponding linear equations. From these is 
found the transfer function of the given system (these terms will be 
explained in more detail below), which is also used as initial material 
for all further linear calculations. Sections 4—7 are devoted to questions 
of this kind. 

The methods of the linear theory of control can be divided into 
two groups. To the first belong those methods which study the process 
directly from the linearized equations. For these the presentation 
of the initial material in the form of the transfer function is very con- 
venient. But other methods, comprising the second group, are also 
widely used. These start from the presentation of the properties of 
the linearized system in the form of special graphs, frequency charac- 
teristics, which are easy to construct from the transfer function. But 
in a number of cases, where the actual system differs little from its 
linear approximation, the frequency characteristics can be obtained 
experimentally; this constitutes one of the important advantages of 
the frequency response method, since in such cases one can sometimes 
totally avoid the derivation and linearization of the equations of 
motion. The initial material for frequency response methods consists 
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of frequency response characteristics either constructed from experi- 
ments or obtained from the linearized equations. Everything con- 
nected with obtaining it is summarized in Section 8 of this chapter. 


1. The Dismemberment of the System into its Elements 


Corresponding to the accepted terminology of mechanics, by 
the number of degrees of freedom of a system of automatic control is 
meant the least number of independent quantities whose values com- 
pletely determine the state of the system at any instant. The quantities 
satisfying these conditions are called the generalized coordinates of 
the system. These quantities can be chosen arbitrarily and can have 
any dimension. 

If we were interested in all the processes taking place in a system 
during automatic control the number of degrees of freedom would be 
extraodinarily large or even, if the distribution of parameters were 
taken into account, infinite. However, to the first approximation, we 
can distinguish between those generalized coordinates which basically 
affect the course of the control process and those which have very 
little influence on it, and in this way the number of degrees of freedom 
taken into account can be reduced. 

By comparing the time required to set up a coordinate with 
the expected or required tempo of the control process, we possess a 
criterion for selecting the basic generalized coordinates. If for an inter- 
mittent change in some coordinate A the new value of the coordinate 
B which follows it (in the action circuit) is set up in a time incommen- 
surably less* than the expected or required time of the control process, 
then we need not introduce the coordinate B into the problem, but 
consider its value to be ‘‘due”’ to the value of A. 

Let us consider some examples of selecting generalized co- 
ordinates. | 

In the direct automatic control assembly for the speed control 
of a diesel engine, shown in Fig. 59, we can restrict ourselves to two 
generalized coordinates and, therefore, we can think of the whole 
system as having two degrees of freedom. As one generalized co- 
ordinate we may take the mean angular velocity per revolution of the 
diesel crankshaft, and as the other the position of the controller clutch 


* Usually by some tens of times. 
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or else the position of the fuel pump lath. Being restricted to these 
two coordinates we can completely disregard the irregularity of the 
speed of the crankshaft (the change of its angular velocity over one 
revolution), the wave processes in the fuel pipes and in the rods 
connecting the controller clutch and the fuel pump lath, and so on, 
considering that these processes take place incommensurably faster 
than the control process itself. 

In a single-stage reducer also (a direct action vacuum controller, 
Fig. 60) it is natural to limit consideration to only two generalized co- 
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ordinates. One is the pressure under the diaphragm, and the second is 
the position of the diaphragm (or of the reducer valve). It is then 
assumed that the pressure at the reducer input does not vary and that 
the wave processes in the chamber under the diaphragm can be neg- 
lected, i.e. it is considered that a uniform pressure is set up practically 
instantaneously at all points of this chamber. Similarly in a two-stage 
gas reducer (Fig. 61) four degrees of freedom are taken into account: 
we can take as generalized coordinates, for example, the deflections 
of both membranes, the pressure between the stages and the low 
pressure at the reducer output. 

When using an indirect controller with an hydraulic jet amplifier 
to control the rate of flow, it is necessary to take three degrees of 
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freedom into consideration (the generalized coordinates being the 
rate of flow, the movement of the jet pipe and of the piston). Often 
it is possible to treat the rate of flow as being ‘‘due’’ to the movement 
of the control element, and to reduce the number of considered co- 
ordinates to two. 

In a system for automatic air pressure control using the controller 
04-MG (its circuit was shown in Fig. 27) seven degrees of freedom have 
to be taken into account. The generalized coordinates can be the 
controlled pressure, the angle turned through by the end of the helical 
spring, the pressure in the primary relay chamber, the tension in the 
bellows, the pressure in the secondary relay chamber, the position of 
the valve in the control element and the displacement of the feedback 
ever. 
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If the control process as a whole takes place slowly (for example 
‘if the control time lasts several minutes) then the number of degrees 
of freedom considered can be reduced. We may, for example, consider 
in this case the pressure in the primary relay chamber and the tension 
in the bellows as being instantaneously set up, i.e. as being precisely 
‘‘due’’ to the angle turned through by the end of the helical spring. 

As an example of this, let us consider the control of the angular 
velocity of a direct current electric motor with independent excitation. 
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The control is effected by the influence of the motor armature on the 
potential (Fig. 63). The angular velocity is measured in this example 
by a tachogenerator, the e.m.f. of which is compared with a standard 
potential U. The difference between them after amplification by an 
electronic amplifier, is transmitted to the excitation coil of a metadyne 
whose output brushes supply the armature of the controlled motor. 

If the electronic amplifier is considered as having no inertia, then 
the system has five degrees of freedom. The generalized coordinates 
may be taken as the controlled speed of the motor, the voltage at the 
electronic amplifier output, the current in the excitation coil of the 
metadyne, the current in its short-circuited circuit and, finally, the 
armature network of the controlled motor. 

We note the fact that in control systems the action between two 
units of the system often proves to be one-sided, one unit acting upon 
the next without meeting any noticeable opposition. | 

Thus, for example, in the pneumatic controller 04-MG (Fig. 27) 
the turn of the end of the helical spring is determined by the deviation 
in the stage of the controlled member, but this state does not change 
with the addition of the helical spring; the movement of the end of the 
spring causes a change of pressure in the primary relay chamber, but 
this change of pressure has almost no influence on the position of the 
end of the spring; the pressure in the primary relay chamber deter- 
mines the pressure of the bellows, but the pressure in this chamber is 
hardly affected by the displacement of the bellows, and so on. 

Henceforth any unit which allows action in one direction only, 
i.e. which, apprehending an action from the preceding part of the 
system, offers it negligible opposition, is called directional. 

If at any point of the circuit we select some directional unit and 
we break the action circuit in front of it, ie. cause the actions of the 
preceding part of the system to influence this directional assembly 
in no way, then the system as a whole will be called open. 

We can pick out that element in the selected directional unit on 
which the action was carried out in the earlier, closed, system. It is 
called the input of the open system, and the coordinate determining 
its state is the input coordinate of the open system. The element in the 
last part of the open system which carried out the action on the given 
directional element when the system was closed is called the output 
of the open system, and the coordinate characterizing the state of this 
element, its output coordinate. 
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Thus, for example, in the case of the direct control of a diesel 
we can open the system by disconnecting the pump lath from the 
controller clutch. The pump lath will then be the input of the open 
system and the position of the lath will be the input coordinate; the 
controler clutch will be the output of the open system and the position 
of the clutch its output coordinate. We can open the same system 
by disconnecting the engine flywheel from the drive gear of the con- 
troller shaft. Then this gear will be the input of the open system, its 
angular velocity the input coordinate, and the engine flywheel will 
be the output of the open system and its angular velocity the output 
coordinate. 

In an open system we can again select some directional unit and 
similarly break the action circuit in front of it. The open system is 
then divided into two parts. If either of these parts contains more 
than one directional unit it can again be divided into two parts, 
and so on. 

As a result the system will be divided into sections each of which 
contains only one directional unit. Such a section of the system is 
called an element of it. Just as for the open system, each element 
has its “‘input’’ and “‘output’’ and corresponding ‘‘input” and “‘output’’ 
generalized coordinates. The input coordinate of each element is the 
output coordinate of the element preceding it. 

Thus, for example, the system of automatic control of a rate of 
flow (Fig. 62) can be dismembered into three elements. The measured 
rate of flow is the input coordinate for the measurer and the output 
coordinate for the controlled member; the position of the end of the jet 
tube is the input coordinate for the servo-motor and the output for the 
measurer; finally, the position of the controlling valve is the input coor- 
dinate for the controlled member and the output for the servomotor. 

The theory of automatic control enables us to judge the properties 
of a system from the properties of its constituent elements. 

All generalized coordinates will henceforth be denoted, regardless 
of their dimensions, by X. We will denote the input coordinate by 
Xin, the output coordinate by Xoy:, and the number of a co-ordinate 
will be indicated by a suffix (for example Xin), Xout2, etc.). 

As the zero reading of each coordinate we choose the value which 
it has for some steady operating condition of the system. 

The direction of reading the generalized coordinates can be 
selected arbitrarily, but it is convenient to keep to the following rule 
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of signs: the controlled coordinate (the coordinate X,) is positive 
if its value is larger than that which is selected as the reading origin; 
the coordinate of the sensor X, is positive if an increase in XA, cor- 
responds to an increase in .X,, and so on down the action chain. 
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With this sign rule, the output coordinate of an element will be 
the input coordinate of the next element not only in magnitude but 
also in sign. 

The tzme characteristic of an element is the curve which shows 
the change of its output coordinate as a function of time resulting 
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from its input coordinate instantaneously acquiring a new value 
which is not subsequently altered. 

In order to determine the time characteristic using any recording 
device (for example an oscillograph with corresponding monitors) we 
make a simultaneous recording of the change in the input and output 
coordinates X;, and X,,4 of the element. Having switched on the 
recording device, we abruptly change the value of the input coordinate 
from some value X;,,; to Xj,. and during subsequent recording this 
value Xing remains constant. On the oscillograph there will be drawn 
two lines which, apart from time delays, will correspond to the change 
in X;, and X,,; during the experiment. 

Figure 64 shows examples of typical time characteristics. An 
element whose output coordinate tends over the course of time to a 
new fixed value is called siatic (Fig. 64a, 6 and c). If its output co- 
ordinate does not tend to a new fixed value and over the course of time 
a constant rate of change of the output coordinate is set up, then the 
element is astatic (Fig. 64d). If, finally, the rate of change of the output 
coordinate (and also its acceleration and higher derivatives) increase 
without limit, the element is said to be unstable (Fig. 64e). 


2. Static Characteristics of Elements and of Systems 


We restrict ourselves for the present to a consideration of static 
elements. Let us take a series of time characteristics, varying the 
value of the input coordinate Xin, supplied to the element. We 
denote by Xoy+9 the value of the output coordinate which is ultimat- 
ely attained when Xj, = Xino. 

As abscissa we take the set-up value of the input coordinate Xing 
of any element, and as ordinate the set-up value of the output co- 
ordinate Xoyio of this element. If we ignore insensitivity, then for 
each element of the system we can construct its static characteristic 
in terms of the coordinates Xin 9, Xout » (Fig. 65). 

In the case when some external action, as well as the action of 
the preceding element, acts upon the element, a family of static 
characteristics can be constructed for the element, each characteristic 
corresponding to a certain value of this external action. 

Thus, for example, the controlled object possesses a family of 
static characteristics, each of which corresponds to a certain value 
of the load X, on the object (Fig. 66). A sensor containing a setter 
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also possesses a family of static characteristics, each of which corres- 
ponds to a certain position of the setter. 

For static elements, the tangent at any point of the static charac- 
teristic has a positive slope: 


AX out 0 > 0 
dXin 0 
x 
og Xouto 
Points of 
astaticism 
& 
0 Xx ing ? X ing 0 King 
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dX 
The value of —* at some point 0 of the static characteristic 


ind 
is called the coefficient of amplification at that point and is denoted 
by &£,. From Fig. 65 it is clear that 4, = r tana, where r is the coef- 
ficient taking the scale of the X,,; , and Xj, . axes into account. 
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An astatic element is, for some value of the input quantity 
Xin 9 = Xin o; in equilibrium for any value of the output quantity, 
but for other inputs Xj, 9 * Xin o has in general no equilibrium. We 
may thus think of the straight line parallel to the X,,; ) axis (Fig. 67) 
as the static characteristic of the astatic element. 
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If a vertical tangent can be drawn to the static characteristic of 
an element then the point of contact of this tangent is called a pont 
of astaticism (Fig. 68). 


X,=Xout,ob=*in,c 
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k, is a measure of the statism of an element. The larger the value 
of &, the nearer to astaticism are the properties of the element. 

The curves which define the change in the steady values of all the 
generalized coordinates of a closed control system for various values 
of the load or tuning are called the static characteristics corresponding 
to those coordinates. The static characteristic for the controlled co- 
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ordinate has a special significance. It is sometimes called the static 
characteristic of the control system. 

The statie characteristics of the control system can be constructed 
from the static characteristics of all the elements of the system. 
XL. XL, XL 


3 


() Xt X 
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We begin the construction of the static characteristics of the 
control system with a consideration of the process of direct control. 

Let us suppose that the static characteristic of the controlled 
object for various values of the load X, and the static characteristic 
of the controller are given (Fig. 69). ) 
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Let us draw these static characteristics on one graph (Fig. 70), 
bearing in mind that the output co-ordinate of the object is the input 
coordinate of the controller and the output coordinate of the control- 
ler is the input co-ordinate of the controlled object, i. e.: 


X out, ob — Xin, cont — Xj, 
X out, cont — Xin, ob — X». 


The points of intersection determine A, and X, for various loads 
in the steady conditions (Fig. 70a). 
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Using the points of intersection it is easy to contruct curves of 
change of X,, and X,, for a change in the load (Fig. 706), i. e. the 
static characteristic of the control system. 

If the control process is caused by a drop in the load from A to B, 
then X,, and X,, can be at once determined from Fig. 700, both 
for load A and for load B. 


My n J 
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Let X,, be the controlled co-ordinate. Then the segment C 
(Fig. 70b) defines the static error or non-uniformity of the control for a 
drop in load from B to A. 

If the controller were astatic, then its static characteristic would 
be a vertical straight line and the static control characteristic would 
be a horizontal straight line (Fig. 71). If the static error were equal 
to zero, then the control would be astatac. 

If we take into account the presence of the setting device of the 
controller in this construction, then instead of one controller charac- 
teristic we would have to consider a family of characteristics and to 
the control system as a whole there would correspond a family of 
static characteristics (each curve of this family being related to its 
tuning value). 


~) 
Ww 
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The indirect control static characteristic is constructed in exactly 
the same wav. but in this case the control system consists of more than 
two elements and we first construct the static controller characteristic 
from the static characteristics of its elements. 

The construction can be made directly on the graph if we remem- 
ber that the output coordinate of an element is the input coordinate 
of the element which follows it. 


Exanwere. Let us construct the static characteristic of a controller con- 
sisting of a sensor and two servomotors, each of which has feedback. The static 
characteristics of each of these elements are separately in Fig. 72. 

Points of the static controller characteristic as a whole can easily be 
obtained by arranging the characteristics of the separate elements in the way 
shown in, Fig. 73. The controller characteristic is constructed in the second 


quadrant. 


Tf there is an astatic element among the controller elements, then 
the controller characteristic will be a vertical line, and the control 
system characteristic will be a horizontal line. 

A similar construction is easily made also for systems containing 
feedback. Here it is first necessary to find the static characteristic 
of each section of the network containing feedback by an exactly 
similar construction. 

When the static controller characteristic has been constructed, 
from it and the static characteristic of the controlled object we can 
construct the static control system characteristic in the same way 
as for the case of direct control described above (Fig. 70). Further, 
from the static characteristics of the separate elements we can find 
the steady values of all the generalized co-ordinates for any state, for 
example, for any fixed value of the load on the controlled object. 

As a result of the construction we have described we can find the 
curves which define the equilibrium values of all the co-ordinates 
of the system in each possible state (for example, for various values 
of the load on the object, for various values of the tuning parameters, 
and so on). 


3. The Equations of the System Elements 


Tt follows from the static characteristic constructed in the pre- 
vious section that when there is a change in the conditions (in the load 
on the object, the position of the tuning element, etc.) the value of the 
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coefficient of amplification of the element will change. It will later 
be shown that other properties of the element, too, depend on these 
conditions. For this reason we investigate the control process for each 
possible state separately.* 

In such an investigation let us agree to take the equilibrium 
values of all the generalized coordinates, determined by the method 
in the previous section, as the zero. If the svstem was in some equi- 
librium position and then, as a result of a change in the load on the 
controlled object, or as a result of action on the controller (change in 
the tuning), it moved to a new position of equilibrium, then as the 
zero of all the generalized coordinates we agree to take their values 
in the position which was the equilibrium position of the system up 
to the time of the disturbing action. 

We denote the values of the coordinates calculated with respect 
to this zero by AX, keeping the same suffix, so that 


AX, = Xin — A in o> AX out = X out — X out or 


where Xin, Xou; are the input and output coordinates calculated from 
the arbitrarily chosen zero, and Xin 4, Xout , are the values they have 
in the investigated state. It is often convenient to change to dimension- 
less coordinates, which will be denoted by small letters with the same 
suffix so that 
Lin = AF > XLout = Cont _ 

x in x o ut 


where X;, and X;%,; are arbitrarily selected values of the input and 
output coordinates (basic values*). 

The equation of motion of an element is the (usually differential) 
equation which determines the change (in time) of the output co- 
ordinate of the element for a given change (in time) in its input co- 
ordinate. 


* We note at once that it is not possible, from an investigation of the system 
separately for each possible set of conditions, to draw any conclusions about its 
properties for big changes in the load. For example, from the fact that, for every 
value of the load NV within the limits NV, < N < N;, the processes caused by 
a small change in the load satisfy some technical conditions, it is not possible 
to deduce that the same technical conditions will be satisfied by the process 
caused, by a large change in the load, even if it does not go outside the limits 
N . 

* Ss The basic values are sometimes chosen so as to reduce the number of 
coefficients which enter into the equation of the control process and are different 
from unity. 
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The field of automatic control is so large that it is not possible 
to form in advance the equations for all the elements which are 
encountered in practice. Indeed, there is no need to do this, since each 
time the initial equations are formed new factors, the results of new 
research, must be taken into account. In order to describe exactly 
the process for any element we must be guided by previously acquired 
knowledge. Thus the derivation of the initial equations cannot be 
performed once and for all and remains an arduous task which the 
engineer must solve anew each time, taking the specific character of 
the particular case he is considering into account. 

The. initial equation for an element usually relates the rate of 


dAxX 
change of the deviation in the output coordinate 7 With the 


deviations in the values of the input and output coordinates 4 Xin, 
and 4 X,,+, and is of the form 


SAX out — FAX a, AX out) (2.1) 
di 
In some cases, as we shall show later, the initial equation also 


contains the second derivative of the output coordinate and is of the 
form: 


2 
PAX _ play px, S4Xoue ). (2.2) 
di? dt 


We shall now demonstrate the reasoning used to derive the initial 
equation, i.e. to determine the function F in equations (2.1) and (2.2), 
by doing a number of typical problems. 


(1) The equation when an engine (diesel, carburettor, steam) 
is the controlled object 
We take the change in angular velocity as the generalized output 


coordinate. For our input coordinate we take the change in position 
of the control element (which we shall call a damper for convenience*), 


A X;, = Aa. 


* For example, the throttle of a carburettor engine, the pump lath of 
a diesel, ete. 
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The equation of motion of the engine flywheel is of the form 


die 
di 


I — AM (2.3) 


where J is the combined moment of inertia of all of the moving masses 
of the engine; -1 WU is the difference between the change in the torque 
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developed by the engine and the torque caused by resistance. Usually 
AM = F(Aa, Aa). 
We rewrite equation (2.3) in the form 


yp CAXout_ 
dt 


= F(AX,.4, AXin)- (2.4) 


The form of the function F(4 X,y, 4 Xin) is determined by the 
character of the torque characteristics of the engine and by the 
dependence of external resistances on the angular velocity. 

An example of the graph of a function F(A Xoyt, 4 Xin) 18 given 
in Fig. 74. 
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(2) The equations of a capacitance (of a unit capacitance element) 


Many elements of automatic control systems can be grouped 
under the one term capacitance. Although such elements differ ex- 
ternally from each other. the processes in them are subject to the same 
laws, and are therefore defined by identical equations. 

An element is called a capacitance when the following three con- 
ditions are fulfilled: 

(1) The equilibrium in this element depends on the inflow and 
outflow of the operating agent being equal; 

(2) The element contains only one ‘‘reservoir’’ in which the 
quantity of operating agent can increase or decrease if the inflow is 
not equal to the outflow; 

(3) The inflow and outflow of the operating agent depend only 
on the input, or else simultaneously on the input and output co- 
ordinates of the element. 

A capacitance is said to be pneumatic when gas (for example air) 
is the inflowing and outflowing operating agent, when the reservoir 
is some volume and when the output coordinate is the pressure in this 
volume. 

Let us consider a volume V and let the gas (air, say) flow into V 
across a section f, and flow out of it across a section f,. Let the instanta- 
neous value of the rate of flow per second of air across f, be equal to 
@,, and the instantaneous value of the rate of flow per second of air 
across f, be equal to Q,. 

Let us agree to attach the suffix 0 to the value of Q, and Q,, and 
also to f, and f,, at the moment when equilibrium is established, so that 


Y10 — Qoo- 


Where there is no equilibrium, then 


Q1= 41+ 49,, and QO. = Goo + 4Q,; 


In time dt the quantity of air contained in V increases or de- 
creases by the amount 4Q di = (4Q, — 4Q,) dt, and therefore the 
differential of the specific weight y of the air in the volume V is equal to 


dy = aS or Vdy = AQ de. 
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Neglecting the change of temperature in the process of small 
changes in ; and using the equation of state of a gas 


PO = LT 3¢ or dp = RT 55 dv. 


we obtain 
I 
——— dp = AQdt., 
RT oy, P @ 


where p is the air pressure in J}, R the characteristic constant of air, 
and 7’,,, is its absolute temperature. Then 


dp 
D—_ = 4Q, 
dé ¢ 


where 
V 


D=—_.. 
LT abs 


Let the air pressure in V at the moment of attaining equilibrium 
be equal to p,. so that p = p, + Ap. 
Let us denote the deviation in the pressure, the output coordinate, 


dAxX 
by J Xouz- Then D ——- = AQ 
The value of the difference 
AQ=1Q,—4Q (2.5) 


depends, generally, speaking, on the deviation in the output and input 
coordinates. The input co-ordinate can be (Fig. 75): (1) the section 
ji (or f;), if this section is altered by means of a valve, damper, etc. ; 
(2) the pressure p, in the space from which the inflow into the volume 
V comes, if this pressure is the output coordinate of the preceding 
element ; (3) the pressure p, in the space where the outflow from V 
goes, etc. In all cases, 


AQ = F(AX i, AX out) 


and therefore the equation of motion takes the form 


dA xX out 


J Xx XY 
— F A iT1? A ou e 2.6 
lt D ( in t) ( ) 
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This equation is the same as the equation for an engine (2.4) 
if we replace J by D. 

A capacitance is said to be hydraulic if the inflowing and out- 
flowing operating agent is a liquid, the reservoir is any volume and 
the output coordinate is the level of the liquid in this volume. 

In the most general case (Fig. 76) when the inflow and outflow 
of liquid depend on the level in the capacitance, the formula for the 
inflow per second of liquid across a section jf, is written in the form 


a= a7 | 20 ; V (px — yh), 


| | y | | h 
===” 


— p 
———— ey, “2 a Zp _ 
p 2 
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and that for the outflow per second across a section f, in the form 
2g 
Q2 = Sy yy V(vh — pa), 


where s, =f, ly, =f, Ma; f, and f, are the flow areas, u, and pu, 
are the flow coefficients and h is the level. 
The quantity of liquid in the capacitance changes in time dt by 
a quantity 
AQ di = (Q, — Q,) dt 
and therefore 
AQ dt =y4dP, 


where V is the volume of liquid in the capacitance. 
Let V be a function of h. Then 
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In the simplest case of a cylindrical vessel 


dV AQ 


ys 


V = sh, =s and ——= 
di 


where s is the area of the vessel. 
Let h =h, + AX oy and the input coordinate be the reduced 
flow area of the inlet choke, s, = s, + A Xin. Then 


Ee es ee 
——_ — 


di v8 ys 

or 
dA X out —_ F(AXin; AX out)s 

dt 

where 
D=ys 
and 
(AX AX gut) = Aq — 
[22 
= (0+ 4Xm)7 |) 2 Vey —yho—yAKoe (2-7) 


2g 
— SV | Vyho + VAX out — Po. 


We now consider thermal capacitance. 

Any body, solid, liquid or gaseous, is said to be a thermal capa- 
citance if heat is supplied to it and taken from it, and the output 
coordinate is the mean temperature of the body 

We completely exclude from our consideration phenomena con- 
nected with the distribution of heat waves, and here restrict ourselves 
to discrete idealized processes only. 

Let O be the temperature of a body, of mass M and thermal 
capacity per unit mass C. Let Q, and @, be the quantities of heat con- 
ducted respectively to and from the body per unit of time, so that 


1= 91+ 49, 
Qo = Qoo + 4 Qs, 


and 
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where Q,, = @:, is the quantity of heat conducted to or taken from 
it during heat equilibrium, then 


4Q,-410,= 19 


is the heat expended per unit of time in the change of temperature 
of the body. 
If df is the change in temperature during a time di, then 


MC dé = AQ dé 
and therefore 


dé 
MC— =A 
dt “ 


or 


dé 
dt sie AQ = F(4im AXout) (2.8) 


Both the heat conducted to the body, AQ,, and the heat taken 
from it, A Q,, depend on the conditions of heat exchange and, in par- 
ticular, on the change in the position of the control element of 4 Xj, 
which influences the conditions of heat exchange ; in addition, either 
both quantities 4 Q, and 4 Q, or at least one of these quantities depend 
on the temperature change which appears as the output co-ordinate, 
i.e. 

AQ = F(AXin, AX out), 
where 
F(0, 0) = 0. 


In each actual case the function F is calculated according to the 
laws of heat transfer and of heat radiation. Comparing (2.6), (2.7) and 
(2.8) we notice that the equations of pneumatic, hydraulic and thermal 
capacitance are identical. 

The engine which we discussed above can also be looked upon as 
a capacitance. The equilibrium value of the output coordinate (angular 
velocity) is determined by the equality of the engine torque and the 
torque due to resistance. The “reservoir’’, which, in this case, accumu- 
lates the energy used to destroy this equality, is the inertia of the 
fly wheel. The ‘inflow of energy’? depends on the input and output 
coordinates, and the “outflow” on the output coordinate only. 
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(3) A mechanical centrifugal sensor 


Let us select a point of the sensor, and reduce its mass and all 
the forces acting on it to this point. 

In the general case all the reduced forces may be divided into: 

(1) those forces which are functions of the velocity of the output 
coordinate and which act opposing it in direction ; 

(2) those forces which depend only on the output coordinate ; 

(3) those forces of external action which include, in particular, 
forces depending on the input coordinate. 

Let X,,; (the output coordinate) be the deflection of the sensor 
clutch from the equilibrium position, and Xj, (the input coordinate) 
be the deflection of the controlled quantity, measured by the sensor, 
from its equilibrium value. 

In the general case J,,.4, the reduced mass, is a function of the 
generalized coordinate X,,;:. Let us denote this by M..g = M(Xout). 
Then the inertial force is equal to 


d? Xx ou 
M (X out) ar ° 


To the first group of forces belong forces of dry and viscous friction 
hi | dX out 
di 
The forces in the second and third groups can be very diverse 
linear or non-linear functions of the generalized co-ordinates X44: 
and X;,. Let us denote them by f, (Xin Xout)- 


We write the differential equation of the sensor, in accordance 
with D’Alembert’s principle, in the form 


and h| a | respectively. 


WP? Zot 


M (X out) ————— di2 


out out j= 0. 
+A dt rane ee dt Sse | + ta Ket Xin) (2.9) 


(4) The equation of motion of a hydraulic servomotor 


The equation of motion of the piston of a servomotor is deter- 
mined by the basic law of the non-discontinuity of a jet. 

Let us at first neglect the mass of the piston and the external load 
supported by the piston in action. Then the piston is similar to a thin 
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v2 


film of liquid (Fig. 77a). In this case a small displacement of the film 
will be determined by the equation 


"9 
SAX on¢ = fedt = uf / > py di, 
where s is the area of the surface of the film ; fis the section of the 
channel along which the oil is brought (this section is altered by the 
position of the damping element (choke, slide, etc.); vis the velocity 
of the liquid at the section f; p, is the excess pressure ; X,,+ is the 
change in the level of the liquid (the displacement of the given film) ; 


uf 


b 
Fie. 77 } 
y is the specific gravity ; g is the acceleration due to gravity; yp is 
the flow coefficient. 
If », = const., then this equation can be written : 


AX out 
——— = const uf. 
rr Lf 


The effective section of the channel, yf, is a function (Fig. 77b) 
of the increment in the opening of the damping element, Xj, i.e. 
uf = p (Xin), and the equation of motion of the piston takes the form 


dx 
a = Ay(Xin); (2.10) 
where | 


A= yy Pe 
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Let us now consider the seryomotor which is schematically 
represented in Fig. 78. We shall suppose that the whole cylinder. both 
above and below the piston, is filled with oil, and that the slide is so 
constructed that changes in the cross section in the inflow and outflow 
ports are always equal in magnitude but opposite in sign. 

Now the flow of oil is acted upon by the pressure drop p, — p, or 
Px — Po where p, is the pressure in the cylinder. The equation of non- 
discontinuity of a jet leads to the equation 


Pi — Px = Px — Po: 


Cylinder 
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or 
_ Pi + Po 


Ps > 


Thus the drop which acts upon the flow is equal to 
Pit Po _ Pri—Po 


—_——— 


Pi — Px = Py — 5 ; 


Thus, equation (2.10) can also be used as the equation for an 


ideal two-sided servomotor, if in the formula for A we substitute 
a for p,, i.e., if we put in this case 


1 
A= tye (P1 — Pr). 
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Figure 79 shows an ordinary flow function uf = ¢ (Xin) for 
the valve shown in Fig. 78, where -X;, is the displacement of the valve 
from its mean position. This curve is symmetrical with respect to 
the point O. The segment —O,0O, corresponds to the ‘‘dead space”’ 
of the valve (in Fig. 79 this is greatly magnified for the sake of clarity). 

We return now to the servomotor with a jet represented schema- 
tically in Fig. 80. In this servomotor we cannot change the cross 
section across which the oil enters the cylinder, but we can change 
the pressure drop p,, equal to the difference between the pressure 
at the output and that at the receiving jet. 


Fre. 79 


If we assume that this drop depends only on the position of the 
jet 4 Xin, then the graph of the function p, = f(A X;,) is similar to 
Fig. 79 with a very small segment —O, O, and with a very steep rise 
in the characteristic outside this segment. 

As before the motion of the piston of the two-sided action servo- 
motor is governed by the equation 


Lf 2 Py di = SAX out 


but now wf = const, and p, = » (Xj). 
Thus the equation of motion becomes 


dx out 


4 PV e(Xn), (2.11) 


Wo 
OQ 
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where 
uf |g 
5 7 
sis the area of the piston and fis the cross section at the base of the jet- 
When forming the equation of a servomotor we may consider 


that all those factors which cause a different kind of deflection from 
that of the equations (2.10) or (2.11) are secondary. Such factors 


12 control 
element 
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include the influence, for instance, of the inertia of the piston and 
of other masses moving with it, of the load supported by the piston 
during its movement, of the hydraulic resistances on the inlet and out- 
flow lines and so on. 

The role of all these factors is that they lessen the pressure drop 
under the action of which the oil flows through the inflow port. 

Let us turn again to the servomotor shown in Fig. 78. In the de- 
rivation of its equation let us now take into account the effect of the 
secondary factors mentioned above. 

We denote by M(X,,+) the mass of all the components, including 
the control element,* reduced to the piston, by N(X,,:+) the force 


x out 


the loss of 


d 
applied to the stem of the piston, and 4p= Ap 


pressure in the hydraulic resistances in the inflow and outflow lines. 


* This reduced mass may, of course, be constant. 
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The flow of liquid in the cylinder is acted upon by a pressure drop 


a2 : 
Al (X ot) a -_ AV (X out) 
Py — Px 7 Ap _ 3 
where 
r d? xX, { y 
AM (X out) de a iT NV (X out) 
s 


is the opposing pressure of the piston. 
From the conditions of non-discontinuity of a jet we now have : 


i ali 7 PX 1 A Xout 
.—m—A -=—M(x — —N(X,, 
Hil | ‘|p. Po P ( out) ——— di? 3 ( af=s di 


(2.12) 


R L 


‘ult C il gf) U,(é) 
| j) 


Fie. 81 


(5) An electrical network 


We consider a change in the charge on the plates of a condenser, 
which is connected in series with a resistance and an inductance 
(Fig. 81). 

Let the change in potential at the terminals (the input coordi- 
nate) be given in the form U(t). Then the potential drop across the 
resistance, inductance and capacitance are given by 

dg d*q 1 , 
—, L and — gq, respectively, 
a? de® 
where g = CUc. The potential drops can, therefore, be expressed 
in terms of Uc by 


. 2 
rotve po VU 
dt dt? 


“and Uc respectively. 
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Hence. 
d?U; 
di? 


LC — fC 


Ae ow. of 
—Un= Uit}. 
dt Cc ) 
Let 
Ue = AX gees Ut) =— Xn. 


Then the equation of the network will be of the form 


2X ont X ou 
CL _ _— Cp aaa — X out — Xin: (2.13) 
Ra La 
| | 
fy 
Mrmot 
Mres 
Fie. 82 


(6) A direct current motor 


As an example of the derivation of the equation for an electric 
motor we consider a direct current motor with independent exci- 
tation when the output coordinate is the speed of the armature, and 
the input coordinate is the change in the potential applied to the 
armature ; the excitation current being constant (Fig. 82). 

The equation of moments is 


where J is the moment of inertia of the armature, w is the angular 
velocity, and M,,,: and M,., are the moments of motion and of re- 
sistance. 
We express the motor moment M,,,.; in terms of the current 
in the armature coil : 
M mot — Crom Di, 
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Here Cmoz is the moment constant of the motor. @ is the field flux, 


and 2, is the current in the armature coil. 
Let us suppose, in addition. that the moment of the resistance 


is a linear function of the angular velocity, 


Weg = AM. 
Then 
da 
J = Chom Gta — GO. 
The equation of the armature circuit is 
da 
U=e+L, 7" + Bait. 


where U is the potential at the terminals of the motor, e is the e.m.f. 
induced in the armature; where L, and #, are, respectively, the 
inductance and resistance of the armature circuit. 

The value of e can be expressed as 


e=C, Goa, 


where C, is a constant of the motor. 
Thus for w and 7, we obtain the two equations : 


je C nom Pig — aw 
U —C, Go = L, =3 + ft, 


Eliminating 1, we find : 


d? w 


JL,—— + (Rk, J + aL,) Go + 
dz? dt 
(2.14) 


(QB + Cmom Ce P?) © = Crom PU 


(7) A crossfield electrical amplifier (Fig. 83) 


Neglecting the mutual inductance of the coils 1 and 2, we assume 
the potential Ug (in coil 1) to be constant and given. Let us form, 
firstly, the electrical equilibrium equation for coil 2, which receives 
an input signal U : 

di, 


U = Le 
dit 


+ Ry de, 
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where L, and #, are the inductance and resistance of the coil, i, is 
the current in it and CU is the input potential. 

On the linear part of the magnetization characteristic, the po- 
tential U, at the terminals of the short-circuited coil is equal to 


Ux = hyty — hein, 
and for identical coils 1 and 2 (Rk, = R,) 


CK =k’ (@) — 2), 


Fic. 83 


. U U 
where 4, = —2 = " , the equation for 1, having been obtained 
1 2 
above. The electrical equilibrium equation of the short-circuited 


circuit is 


where Ly and Ry, are the inductance and resistance of the short 
circuited circuit and 2, is the current in it. 
The output potential U, is proportional to i, : 
U4 = ke” iK. 
Eliminating all variables except U, and U from these equations, 


dz 
and assuming that —* = 0 we obtain: 


di 


aU, 
+ (Ly By + Ly hy) 


dt? 


dU, 
di 


Ly Le + Ry Ry U,= Kk’ (Uz — VU). 
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If we let Vp —U = Xj, and Ug = Xout, we obtain 


2 
Lx Le OE Xout_ + (Ly, fe + Ly Ry) sa —+- Ri fy X out = k’ ke” Xin: 
(2.15) 


4, The Linear Model of an Element. 
The Linearization of Equations 


Among the examples we considered above we encountered ele- 
ments whose process was defined by a linear differential equation 
with constant coefficients. This was the case, for example, for electric 
networks not containing iron (equation (2.13)). The equations of the 
other elements were non-linear. We can only succeed in obtaining 
sufficiently general results when such elements are present if we can 
restrict our consideration to small disturbances, i.e. if we can take 
AX, and AXi, to be small quantities. The words ‘AX,,, and 
AXin to be small quantities” must here be understood in the following 
sense: the squares, higher powers and derivatives of these quantities 
are considerably smaller than their first degree, and are negligible. 

Only on these assumptions do we use the gencral methods of 
the linear theory of control given in the following chapters. This fact 
greatly reduces the opportunity for using with cetainty the linear me- 
thods of the theory of automatic control in practical calculations. 
Linear methods cannot validly be used even for small disturbances 
if the system contains non-linearizable non-linear elements (sce below). 

Those elements whose non-linear equations can be replaccd by 
linear equations, if only for small disturbances, are said to be linear- 
izable. Let us now suppose that the system contains only lincar and 
linearizable elements and that only small disturbances will be con- 
sidered. The linear equations obtained after supposing that the dis- 
turbances are small are called equations of linear approximation. 

The replacement of the true equation by its lincar approximation 
means, essentially, the substitution of the given clement by another 
element, its linear model. 

Let us first consider the case when the initial cquation is put 
in the form (2.1). We replace it by the linear equation 


dAX out 


dt = PAX in — A AX yyy: (2.16) 
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Similarly, when the original equation is (2.2), we replace it by the 
equation 


2 
PAX out = BA Kin — ty AX ong — tg out. . 


2.17 
di? dé 


The numbers a and 6 in equation (2.16) and (2.17) are chosen so that 
the following equalities are satisfied : 


, [oF 
| 0AX \: 


a -| aF | = aF 
: GAX out JO ° ° q d4ax out 
dt 0 


The suffix 0 indicates that the derivative has been taken at the origin 
of coordinates, i. e. that in the expression for the derivatives the 
values of Xing and X,y+9 corresponding to the given operating con- 
ditions adopted as the zero reading are put: 


AXing = AX outo = [Se | = 0. 
0 


From this definition itself it follows that the construction of a 
linear model is possible only on condition that the derivatives used 
have a unique and finite value different from zero. In the contrary 
case, the element is said to be non-linearizable. 

Then, in order to find the numerical value of the coefficients 
a and 6 it is necessary not only to know the function F, but also to 
determine by means of a preliminary static solution (see Section 2 
of this chapter) the values of X;, and X,,; under the given conditions. 


EXAMPLE 1. The Linear Model of a Capacitance. We replace the non- 
linear equation (2.6) of the capacitance by the linear equation 


DAX out 


di = AAX out + bAX;, ’ 


putting 


—~e 


——— _—— ae 


1 [ EA AX out) 5». + [ ete ow) | . 
OAX git 0 ° 


D Di dAXin 


92 THEORY OF AUTOMATIC CONTROL 


When, the function F(4AX,, 4X,,,;) is given analytically, the derivatives can 
be calculated directly. 

If this function is given by a family of curves, then the values of a and b 
can, be found by constructing the tangent at the point corresponding to the 
given conditions and determined by the static solution (see Fig. 74). 

EXAMPLE 2. The Linear Model of aSensor. We now consider equation (2.9). 


The function jf, (Se) expressing the dependence of the forces of dry 


friction, on the velocity has the form shown in Fig. 84. 


=(Q. There is no 


This function has a discontinuity at the point IX out 


defined tangent at this point, and for the calculation of dry friction, the sensor 
is a non-linearizable element. 


Fic. 84 


For this reason the linearization, of (2.9) is only possible whon tho influonce 
of the forces of dry friction can bo neglected. If wo put /, == 0 in (2.9) and 
then pass to the increments AX,,, and AX), we obtain: 


d2 AX dAX . : 
M(AX gut) - dye soe + fy [= i | “F f(AX out, AX in) 0. (2.18) 
If we put 
M = [MAX out) laxu-o, 
AIX out 
}y == an’ dt } . 
~ dAX out) 
(a Axe) [oxen 
b == -| Ofe (AX out 4 Xin) 
VAX in 1 AXin0, 
out 0) 


Ca: [ee | 
OAX out AXinnd, 


AXouz=() 
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where h, 6 and c are positive numbers, then the equation of the linear model 
of the sensor takes the form 


a7 CG? AX out 
dz 


djaxX 
j . out 
{ — f. a 


+ cAX ony = sign bAK ip. (2.19) 


Fig. 84 


We now return to the general case and consider equations (2.16) 
and (2.17) in detail. They can sometimes be simplified by a trans- 
formation of the absolute coordinates to relative (dimensionless) 
coordinates. 

Let A Xj, and A Xe, be some arbitrarily chosen, but completely 
defined, values of the coordinates 4 X;, and 4 X,,;+, and the ratios 


be the relative or dimensionless values of the input and output co- 


ordinates. 
We note that 
Zour __ 1 dAX out . 
dt AX*, dt ° 
d2 Aout 1 d? AX 64 
d2  AX*, dt? 


and so on. Putting these values of %in, Your} AXoy,/dt, d?%,;/dt? in 
equations (2.16) and (2.17) we obtain the equation of the linear model 


in dimensionless coordinates. 
Equation (2.16) becomes 


AXE Se = VAX Lin — A, A XFat Counts (2.20) 


and equation (2.17) becomes 


Aout 


dit 


AK* 4, —< Stott as BAK tn — 0 AXE Bout — a AKSue TO 
{2 
(2.21) 
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Let us first suppose that the coefficient a, is different from zero. 
Then there are two possible forms in which the equations in relative 


coordinates of the linear model can be put. 
The first form of the equation is obtained if we divide equation 


(2.20) or (2.21) by the coefficient of %ut, i. e. by a, A XS yt : 


A dau b AX 


4 tout = — ot (2.22) 
a, dé Ot a, AXE, 
2 sf 
Le tout 4 oe Gout + Bout = 6 Axi ine (2.28) 


The second form of the equation is obtained* if we divide equation 
(2.20) or (2.21) by the coefficient of an, i.e. by BAX : 
If the coefficient a, = 0, then the first form of the equation is obtained 
in the same way, except that we divide the required cquation by the 


dx 
coefficient of : 


Wout p AXin (2.26) 
dé AXE ut 
= PX out +. Aout. = 2 _AXn - nas (2.27) 
a, dé dt a, AX* 


The second form of the equation for the case a, = 0 docs not 
differ from (2.24) or (2.25); it is only necessary to put a, = 0 in 
(2.24) or (2.25). 

Let us now recall that the numbers AX}, and AX*., which 
were introduced in the transformation from absolute to relative co- 


* Sometimes a third form of the oquation is used, obtained from tho 
equations (2.20) or (2.21) by dividing thom by tho coefficient of tho highost 
derivative. This form of tho cquation, is less conveniont and will not be used 
in this book. 


AXE Bios 5 ay AX Ey 


te ord o ) 2 24 
bAX # di b AX* out In ( ) 


Ke 2 ; " 
AX Sut De Sout | -|~ OQ AX Sut dtout Oy AX Gut nye vas 
anata “- “= “t —_ Pout OF Bin 


bBAX* dt? b AX* db b AX* (2.25) 
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ordinates, may be chosen arbitrarily. This arbitrariness may be used 
to simplify the equations in relative coordinates of the linear model 
in both the first and second form. 

Thus, for example, if in equations (2.22) and (2.23) we choose 


AX* 
AX*, and AX#+ so that Tres = 7 , then the coefficients of Zip 
out 


will be equal to unity, and the equations (2.22) and (2.23) will reduce 
to the form 


i Aout Las __ 
—— T Xout = Fin 
a, dt 
and 
nee oleeeed eee “out = “in: 
a dé a, dt 


and the equations (2.24) and (2.25) to the form 


AX out dont 
x == Xin 
bAxe dt ot 
and 
AXGut Poe . Ae AXSat Aton 


Lout = Lin- 
bAX* a® | b AX# at) out 


In the formation of the equations of all the elements of the system 
one and the same coordinate enters into the various equations. Of 
course having selected some base in order that a coefficient in one of 
the equations can be taken as unity, we can no longer dispose of this 
base in the other equations. 

Let us consider in more detail equations (2.22) and (2.23), since 
only the first form of the equations will be used later in this book. 
In both equations the quantity 2,,+ is dimensionless. Hence the other 
terms in (2.22) and (2.23) must also be dimensionless. 


We consider first of all the term — 7 - Zin» onthe right-hand 
side of these equations. The whole derivative must be dimensionless. 
The quantity 2, is dimensionless, and therefore the quantity a a 
also has no dimensions. We denote this dimensionless quantity by 
the letter & and call it the coefficient of amplification of the linear model 


of the element. 
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Let us consider any new position of equilibrium of the system, 
different from that which was taken as the origin of coordinates. 
Let us assume, for example, that the load and tuning have completely 
defined values, corresponding to the given conditions, and that the 
control process is caused by a small change in the tuning or the load. 
Then for the new position of equilibrium, which corresponds to the new 
value of the load or tuning, the relative deviations of input and output 
coordinates of the element are different from zero. Let them be 
equal to an = ing ANd ut = Vouto. Lhese steady values x, and 
Loutyp are determined by the static solution of the system (see Section 
2 of this chapter). 

In the position of equilibrium all the derivatives of x, are equal 
to zero, and equations (2.22) and (2.23) reduce to the form 


4 i 
outdo 
Couto = kino or ke =—_— OO 


Vino 


The coefficient of amplification of the linear model of an element is 
equal to the ratio of the equilibrium value of the output coordinate to the 


equilibrium value of the input coordinate.* 
The left-hand side of (2.22) contains the dimensionless term 


| 1 dex ; A, Ax ; 
Lout- The term ——— , in (2.22) and the term —-—“ in (2.23) 
a, dt a, dé 


dz 1 
must also be dimensionless. But —* has the dimensions —~-- and 
see 
1 Qo . . , 
therefore — and —~ have the dimensions of time. 
ay 1 
1 hi 
In (2.22) let us put — = T and in (2.23) — = T,. 
Oy Qy 
1 d Lout - . . cd : ‘out 
In (2.23) the term — ——*™. is also dimensionless, but - --; °"! 
a, dl di? 
; , 1 . ; 1. 
has the dimensions —— , and therefore the dimensions of —~-in this 
r) hy 


] 
case are sec. In (2.23) we put—~- = T”. 
Ay 


* The value of k is determined by tho ratio of the dimensionless coordinatos. 
IIonce k depends on the choice of the baso. 
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With this notation the equations of the linear model in their 
first form reduce to 


, T os. + Loyt = kin; : (2.28) 
Fg Four. 7 _Fout _ hp 
ae Tae tt Hn (2.29) 


The quantities 7’ and 7, having the dimensions of time, are 
called the tame constants of the element. The constant 7',, also having 
the dimensions of time, is called the damping time constant. 

The coefficient of amplification & always depends on A Xj, 
and 4 X>,, but the time constants 7' and 7’; are independent of them. 

In all of this discussion it has been assumed that a,, a, and b 
are positive numbers. In this case all the 7 and & are also positive. 

If any of the coefficients a,, a, or b is negative, then in the formulae 
for the 7 and & we introduce the absolute value of this coefficient, 
so that the 7’ and k remain positive as before, but the corresponding 
sign in (2.28) and (2.29) is changed. 

In an exactly similar way the linear model for other linearizable 
element is constructed. 


’ 


5. The Classification of Linear Models of Elements. 
The Inherent Operator and the Action Operators. 
Typical Elements (Stages) 


By deriving the equations of linear approximation of various 
elements in the same way as in the previous section, we obtain 
equations of the form* 


dx 
T ot tg = hat, 
rF =E Vout i 
d? x da 
ire put T,.— ‘out Lou — kyr 
dt + dt + out in 


* The linearization of the equations derived in Section 3 as examples leads 
to the first two types of equation of linear approximation. 
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dz u dz, 
T a + one = hein + @ de” 
dx d2,, da, d? a; 
pre out | T out x _ ka, +. in -L — in 
ape aan K di —E out n Q di di2 


We lay down the initial conditions for the 2,4 to be equal to zero, 
in the third of these equations we put 2;, (0) = 0, and in the fourth, 
in addition, xj, (0) = 0. Then the Laplace transform* of the output 
coordinate of any element, defined by such equations, is connected 
with the Laplace transforms of the input coordinate by the relation 


d(p) Ll Zour] = k(p) Ll Xin), 


where L[% 5, | and L[x;,] are the Laplace transforms of x,,, and win, 
p is a complex number, and d(p) and k(p) are polynomials in p. 
The polynomials d(p) and k(p) may be obtained in the following 


; , ; . a. da 
way: in the equations of linear approximation we replace —— by 


<- 
plz]; — > by p*L[x] and so on, and take L[x] outside the brackets. 


Then the rolynomials remaining inside the brackets will be cqual 
to d(p) and k(p). 

Thus, for example, with zero initial conditions, applying the 
Laplace transform to the equation 


T Sout -- Tout = kin, 
dé 
we obtain 
T pL Lou] + LT Xout] == kL ty, |; 
or 


(Tp + 1) Ll Sout] = PL [ayy]. 


In this case 
d(p)=Tp+ 1 and k(p) == k. 


As a second example we consider tho equation 


d? x dx Le 
[2 out, + T,- ‘out | of = fo in . 
dye di “b out ° in |: 0 Ii 


*See Appendix I for the Laplace transformation. 
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After taking its Laplace transform, we can write it in the form 


TT’? Dp" LA zou] > 2", PLL Zour] + Ll Zour] = —_ EL in| 7 opL [xin], 


or 


(7? p* + T, P + 1) Ll 2 ou] — (ep + k) L[2in]. 


In this case d(p) = T° py? + 7,p9+ 1 and k(p) = op +k. 

The polynomial d (p) is called the inherent operator of the element,* 
and k(p) is called the action operator for the element or the operator 
coefficient of amplification. 

The elements that are most frequently encountered have the 
following inherent operators : 


To+1; T°p?+7,p+1; T°’? +1; TpandTp —1. 


They have a special significance in control theory, and separate 
names and an agreed notation are given to them. 

An element for which d(p)=%p+1 will be called single- 
capacitance and will be denoted by a square [7]. 

An element with d(p) = 7" 9* +7, +1 will be called os- 
cillatory and will be denoted by a rectangle [_]. 

An element with d(p) = 7’? 2 +1 will be called conservative 
and will be denoted by a shaded rectangle ////III/. 

An element with d(p) = Tp will be called astatic and will be 
denoted by a circle ©. 

Finally, an element with d (p) = Tp — 1 will be called unstable. 
We will denote it by a triangle V. 

The action operators k(p) are most often encountered in the 
following forms : 


kk+ op and k+ ep -+ sp”. 


* The term ‘‘operator’’ is used here as a result of the fact that we may 
introduce the polynomials d(p) and k(p) without using a Laplace transform, 
but by the introduction, of the operator form of writing differential equations. 


2 
If we put a ; = px, i= = p*x, then, for example, tho equation 
d? x dx dx; 
pe z 4-7. _. oh + Gout = kein + 0 iP 


may be written, 
TL? 97 Con + Dy PLout + Lout = k®in + CPXin, 


or 
(7? p+ Typ +1) oui = (& + ¢p) Vins d (p) Lout = * (P) Fin. 
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Operators with negative signs before the o and s are also found, 
but much less often. 

In the case k(p) = k = const, the actions on the element are 
called static. If k(p) =k + op, then, in addition to static action, 
there is also first derivative action and in the case k(p)=k+up+ 
+ sp*, both. first and second derivative action. 

Elements for which d (p) and k(p) are of the above forms are called 
typical elements or stages*. 


6. The Transfer Function of the Linear Model of a System. 
Its Formation from the Equations of the Linear Models 
of its Elements 


(a) The concepts of a transfer function 


From the equations of all the stages itis always possible to elim 
inate all the input coordinates, since the input coordinate of each 
element can be expressed in terms of the output coordinates of the other 
elements of the system. As a result, the system of equations of the 
control process will consist of n equations, connecting » generalized 
co-ordinates (here m is the number of degrees of freedom which are 
taken into account). The automatic control process is described by 
the aggregate of these equations. 

In the most general case several input coordinates (the element 
can have several inputs) may act on any of the element. Morcover, 
all or some of the coefficients k may be polynomials in y, and in the 
most general case the equations of motion of the linear model of the 
system, after Laplace transformation* take the form : 


d, (p) LD [x] + ky, (p) L [t.] ee t+ hyp, (p)L [ae] = LS, (4), 
ky, (p) L[%,] +d, (p) Ll t,] +... + ke, (p) LZ [x,] = Lf, (2), 


(2.30) 


Kay (0) L [ey] + kere (p) L[m,] +... +d, (p) L[x,] = Lf, (i). 


* In the literature on tho subject other names for typical stages aro used. 
Thus, for example, a single-capacitance stage is somotimos callod a oriodia, 
a static neutral stage, a stage with tho inherent operator J’? p? 4- RP 
1s sometimes called oscillatory only if the inequality 27” > ZT, is satisfied, and 
so on. In this book only tho italicized terms above will bo used. 

*See Appendix I (pp. 495—8). 


THE CONSTRUCTION OF A LINEAR MODEL CONTROL SYSTEM _ 101 


In every particular case the inherent operators d (p) and the ac- 
tion operators k (p) are different, and some of the k (p) can be identically 
equal to zero. 

In this system each equation corresponds to one of the system 
element. Let us confine ourselves for the present to the case when 
only the external action f, (¢) is different from zero, that is, f(¢) acts 
only on one element of the system, to which in this case we attach 
the suffix 1. 

In order to find the Laplace transform of any of the generalized 
coordinates .c;, it is necessary to solve the system of algebraic equa- 
tions (2.30) for L[a;]: 

A; (p) 
L(a,] = —-*+ Lf]. 
2] = — () [F(é)] 
In this equation A (p) is the determinant of the system. 


|2y (P) Mye(p).-- kinlp) | 
A(p) = ey \P) a(P) ote FanlP} (2.31) 


Kn (p) Kp2(P) se d,(p) 


and A; (p) is the algebraic complement of the element lying in the 
first row and the jth column. 


The equation 
A (p) = 0 (2.32) 


is called the characteristic equation. 

The distribution of its roots solves the question of the stability 
of the system*. 

The function 


A j(P) 
D(p) = ——, (2.33) 
A(p) 
. Lx) . . 
equal to the ratio Lf) is called the transfer function of the closed 


system for the coordinate x, and for the given action upon the first 
element. 


*Sce Chapter IT. 
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With a change of the coordinate we are considering, or of the 
point of application of the disturbance the form of the transfer func- 
tion changes, but only because of a change in the numerator. The de- 
nominator, and also of course the characteristic equation of the 
system, is not changed. 

When the process is analysed from the equations of the elements, 
the transfer function of the system lies at the root of the analysis. 

The transfer function of a system can be formed immediately 
from the equations of its elements, without the formation and row 
expansion of the above determinants. In order to do this we must 
introduce the preliminary concept of the transfer function of an ele- 
ment and of more complex parts of the system. 


(b) The transfer function of an element 


From the Laplace-transform equation of the element 


d(p) Ll Sout] = k(p) Ll eq] (2.34) 
it follows that 
Ltyud be) 535 


This ratio, by analogy with the system as a whole, is called the 
transfer function of the system element, and we denote it by W(p). 


(c) The transfer function of a sequential open circuit of 
elements 


We consider an open circuit of m clements, sequentially acting 
on one another, so that the input coordinate of cach clement apart 
from the first is the output coordinate of the previous clement (Fig. 85). 

Writing out the transfer functions for all the clements of this 
system we obtain 


Lay) — Ay(p) — W,( )3 . Lou a A, (p) _ 


Ltn) &(p) OTe ay dy(py he) 


Eliminating in succession all the L[x], except L[aj,] and L[aout |, 
we obtain the relation betweon La] and Lfayyt], ic. tho transfer 
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function for this elementary circuit : 


Loy . 
ae = W(p) = wy(p) we(p) ... w,(P): (2.36) 
[Zin] 
or ‘ 
jen f:,(p) K(p) 7 
W (p) == AY = (2.37) 
La) ~ DO 
where* 
LL hp), and D(p) = JT 4,2). 
i=] 
or 
We) = 1] 0) (2.88) 
j=l 
Xin xX; Xe Xp-7 X out 
Fig. 85 


As distinct from a closed system, the transfer function of an open 
loop system is denoted by W(p). 

Thus, the transfer function of an open circuit of n sequentially con- 
nected elements 1s equal to the product, of the transfer functions of these 
elements. 
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(d) The transfer function of a closed single-loop system 


We now consider a closed system in which only the output co-ordi- 
nate of the previous clement acts at the input of each element. Such 
a system is called a single-loop system (Fig. 86). 

* The notation JJ denotes the product of all the quantities | standing after 
it. Sometimes in considering a procuct of 2 factors instead of 1 we shall write 


j=l 
simply Jf. 
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Let us suppose that the external action is applied to the first 
element and that it is required to find the Laplace transform for the 
coordinate 2%,. 

We open the loop at the input of the first element (Fig. 87a). 
Then from our assumptions, the separate networks of elements from 
the first to the &-th and from the (& + 1)-th to the n-th can be replaced 
by equivalent elements, whose transfer functions W, (p) and W, (p) 
we calculate from the formula derived above (2.38) : 


_" 


j=k j 
Wi(p) = [Jeflp); Wlp)= [7 ~,(p)- 
j=1 jek+l 
The circuit for this system is shown in Fig. 870. 
We now return to the closed system (Fig. 86). 
To the relations 


oe _Lfe,] 
Wilp, = Le.) (2.39) 
L{x,] 
W, = 2.40 
2(P Le (2.40) 


resulting from the definition of the transfer function, we add the con- 
ditions of the closed system* 


Lin = _ en f(t) 
or 
L{2tiq] = — L[%q] + LUy(0)- (2.41) 
Eliminating the two variables [2] and L[x,,] from (2.39), 
(2.40) and (2.41) we obtain : 
W 
Limd=—— ot?) LW) 
1+ W, (p) W, (p) 
The required transfer function of the sinzle-loop system is there- 
fore equal to 


(2.43) 


* The minus sign in front of a, indicates that whon, the loop is closed tho 
control element must cause an, increase in the controlled quantity if it is below 
the desired value at that instant, i. ©. the action must change sign at one point 
(or at an odd number of points) somowhoro in tho circuit. 
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The numerator of the transfer function of a single-loop system is 
equal to the product of the transfer functions of the elements lying between 
the point of application of the disturbance and the co-ordinate being con- 
sidered, and the denominator is equal to the product, increased by one, 
of the transfer functions of all elements in the system. 

The characteristic equation of this system 


1+, (p) W, (p) = 0 
can be put in the form 


_ 
ty x ; 


Kin=Xoup tHLY 


Haj(p) + Tk;(P) _ 
Id;(p) 


or 


D(p) + K(p) = 0. (2.43) 


es 


Thus, the left-hand side of the characteristic equation of a closed 
single-loop system is equal to the sum of two terms. The first term vs the pro- 
duct of all the inherent operators of the elements, and the second ts the product 
of the operator coefficients of amplification of all the elements. 
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(e) The transfer function of a system containing internal 
feedback 


We confine ourselves to cases when the feedback does not include 


the element to which the disturbance is applied or an element whose 
output coordinate is unknown (Fig. 88a). Let us suppose that the 


| F(t) Ws, 


Kid. SS 


feedback transfer function and the transfer funetions of all the ele- 
ments are given. It is required to determine the transfer funetion 
of the system as a whole. T'o this end, we first “exclude” from the 
system the feedback and the stages shunted by it (Hig. $85). The trans- 
fer function of the “excluded” part of the system can be determined 
from formula (2.42), since the excluded part of the system is itself 
a single-loop system. If W, (w) is the product of the transfer functions 
of the elements shunted by feedback, then the transfer funetion of 
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the ‘‘excluded part’’ of the system, W*(p), is equal to 


W 3(p) 
W*(p) = ——Vale)_ 
) = TS Wp) Wap) 


where W, (p) is the transfer function of the feedback element itself. 
In view of this, the total ‘‘excluded part’’ of the circuit can be 
replaced by an equivalent element having the same transfer function. 
As a result the initial non-single-loop svstem (Fig. 88) is replaced 
by an equivalent single-loop system (Fig. 88b) having a transfer 
function which may be found from the formula (2.42) : 


1 + Wy(p) We(p) W*(p) 
or 
Di p) — Wi(p) — 


1 Wale) WelpiWslp) 
1+ W3(p) W,(p) 


_ Wi(p) [1 + W5(p) Walp)] 
1+ W,(p)W4(p) + Wi(p) W2(p) W3(p) 


In these formulae, W*(p) does not enter in W,. 

In more complicated cases also the transfer function and charac- 
teristic equation of the system are determined by similar computations 
using the transfer functions of the elements of the system or their 
equations. 


7. The Statics of the Linear Model of an Automatic Control System. 
The Transfer Functions of Static and Astatic Systems 


The concept of a ‘‘transfer function”’ is closely connected with 
the question of the determination of some static properties of the linear 
model of an automatic control system. 

In Section 6 it was shown that the Laplace transforms L[z, | 
and L[f(é)] are connected by the relation 


Lazy] = W(p) LUf()). (2.44) 
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From the theory of Laplace transforms it is known that* 


* See Appendix I (p. 4838). 


lim « (t) = lim pL [x ()] . 
t—> oo p-0 


Let x;,,,, be the value of the co-ordinate which is set up as a result 
of the control process (i.e. lim a, (t) and fiim = =tm LF ( (t)). Multiplying 


t—> co 


both sides of (2.44) by » and passing to the limit ¢ as p — 0 we obtain 


Him x, (1) = lim W(p) PL UP ()] 
—> p-— 
or 
Lien —= W (0) iim ’ (2.45) 
where fiim = him f(t) is steady state (static) value of f(t). 


t— 
Let x, = 2 be the controlled coordinate, and f(t) the load on 
the controlled object with a transfer function W, from f(é) to 2,. 
If the controller is not included, then the deviation in x, caused by the 
disturbance f(¢) will be equal to 


Cm = W, (0) him = Ut im’ 
When the controller is included 


Mim ® (0) fim » 
where 


____—W,(p) 
@(0) = 
) Fesar 1+ W, (p) Wy (p) | 


Here W, (p) is the transfer function of the controller as a whole. 
Therefore 
W, (0) 
Pin ‘fim 
‘J. + LW (0) WwW. 5 (0) 


or 


hm 


“tum ~ “y AO AOD 


ED ieee es ee vee mae ems ae me me 
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The quantity x, determines the deviation of the controlled 
coordinate in the new steady conditions (for the same load with the 
controller operative) i.e. the static error. 

Thus, the wnclusion of the controller reduces the static error by 
1+ W, (0) W, (0) times. 


Let W,(0) = £3 (0) and W, (0) = Ap (0) . Then 
D, (0) D, (0) 
2 = Fi ()P pO) dg (2.46) 
D, (0) D, (0) + , (0) K, (0) 
or 
_ Ps (0) Pp (9) 2h im: (2.46” 


“him ~ D, (0) D, (0) + Ky (0) K, (0) 


As is clear from (2.46), the system can be made astatic (i.e. such that 
v1 ,,, — 9 for any jf, * 0). In order to do this, it is necessary that 
D, (0) = 0. 

Hence, any automatic control system ts astatic only in the case when 
the inherent operator of the controller, D,(p), contains p as a factor. 

From (2.46’) it follows that the greater the total coefficient of amplr- 
fication K, (0) K, (0) of the open system, the smaller is the error compared 
to that which would occur without a controller. 


Let 
wv, — 0) 
d, (p) 
and 
k, (p) 
_ Ap) _ Dp) | 
O(P) = 1457) D(p) + K(p) a 
, D (p) 
wnere 
D(p)=IId,(p); K (p) = Ik; (p). 
Then _ 
6(0) = 2) _ (0). 


D (0) + K(0) 
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If D(0) = 0, then ®(0) is also equal to zero. But D(0) = 0 
only when the controller contains an astatic element. 

Therefore, a single-loop system is astatic of the controller contains an 
astatic element. In the contrary case, the system 1s static of the controlled 
object 1s static. 


8. Frequency Characteristics of a Linear Element 
and of the Linear Model of a System 


When the properties of all the elements in a system are given by 
their equations of motion, the transfer function of the system is the 
starting point for subsequent calculations. 

Often the processes taking place in the separate clements (for 
example, in the controlled object) have been inadequately studied, 
and the derivation of initial equations for these elements is difficult. 

In such cases the calculation is based not on the cquations of 
motion, but on the so-called frequency characteristics of the system. 
The advantage of the frequency response method is that the necessary 
characteristics can be constructed from the linearized cquations of 
the separate elements, and that they can also be found experimentally 
for elements whose equations are not known. It is only necessary to 
ensure that the elements whose frequency charactcristics have been 
determined experimentally were linear or nearly so. The methods for 
the experimental determination of frequency characteristics, described 
below, enable us at the same time to find out whether the given ele- 
ment is linear or not. 


(a) The frequency characteristics of a linear element 


We repeat the experiment described in Section 2, but instead of 
a sharp momentary chango in the input coordinate of the given 
element we apply a sinusoidal signal of the form Yj, == A sin we at 
the input of the element. Tho generator producing this signal is so 
constructed that it permits one to change the frequency w and the 
amplitude A of the applied disturbance within wide limits. 

First let w have some fixed value w,, and A be small within some 
limits. The disturbance in the input coordinate eausos forced oscilla- 
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tory movements of the output coordinate. Let us record these using 
some oscillation recording device (oscillograph, vibrograph, etc.). 

If the element is linear, then the output coordinate performs 
oscillations according to the law 


X out = B, sin (w,t + ¢,). 


Let us draw the vector from the origin of the x, v plane whose modulus 


A 

(the length of the vector) is equal to7;= RB and whose argument 
1 

(the angle between the positive direction of the «:-axis and the vector) 


is equal to the angle ¢, with the opposite sign (usually ¢, is negative). 
At the end of the vector we put the point o, (Fig. 89). 
We now change the frequency © of the oscillations applied at the 
input of the system, without changing their amplitude and phase. 
Let w = ,. Then for oscillation of frequency o, : 


X out = By sin (@.t + Po) 


In Fig. 89 we construct a vector with modulus 7, = A/B,, argu- 
ment —, and end-point w,. Similarly, repeating the experiment for 
a new value w, we construct in the same figure a vector with @ = @s, 
as end-point, and so on for various values of w from a = 0 to w = 9 
(in practice, up to sufficiently large m) and we join the ends of these 
vectors with a smooth curve. 

The curve constructed in this way is called the amplitude-phase 
characteristic of the linear element. 

In order to determine from the amplitude-phase characteristic 
of a linear element the aniplitude and phase of the oscillations of the 
output coordinate, knowing the amplitude A and frequency of 
oscillation w = w* of the input coordinate, we must find that point 
on the amplitude-phase characteristic which has the end-point wo = w*. 
Let the vector produced from the origin of coordinates to this point 
have length r and argument ¢. Then the amplitude of oscillations of 


4 

Xout is equal to B= ~~ and the phase is equal to —p (Fig. 89). 
r 

The amplitude-phase characteristics are often constructed dif- 


A 
ferently: the length of each vector is taken as being equal not to R 
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B Lue 
but to 7? and the argument not to —¢ but to ¢. In order to distin- 
guish these two methods of constructing the characteristics, we agree 


A ; was 
to call characteristics for which’ = B amplitude-phase characteristics 


B 
of the first kind, and those for which 7 = { Characteristics of the 


Fra. 89 


second kind.* Figure 90 gives some examples of amplitude-phase 
characteristics of the first and second kinds for various typical stages. 

The connexion between the amplitude-phase characteristics 
of the first and second kinds is established by the vector equation 


r,°r, = I, 


*In the literature on the subject, amplitudo-phase charactoristics of tho 
first kind are often called reverse or inverse, and of the second kind, usual or 
simple. In our view these terms are unfortunato, since the use of amplitudo- 
phase characteristics of the first kind is ofton considerably more conveniont 
and simple than that of the second kind. 
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Stage |Amplitude ~phase chorac-\Amplitude—phase charac- 

N t g este, | eral pie rae Pp Ube O11 

ame Home of age seg? Home af eage | ge, teristic of the este, | eral pie rae kind | teristic of the second time 
8 


| 
Single 
capacitance [p+] 
a) 2 
Oscillatory 
Astatic 


Conservative |T'2p2+7 


Unstable 


Fie. 90 
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where r,; and r, are the vectors produced from the co-ordinate origin 
to the points with the same w on the amplitude-phase characteristics 
of the first and second kind. The vectors here are multiplied according 
to the usual rules, i.e. their moduli are multiplied together, and their 
arguments are added. 


1; 2B ; 
The curve relating the value of = jor =| to w is called the am- 


plitude characteristic of the element, and the curve relating the value 
of — (or +) to w its phase characteristic. 


Kia. 91 


Let us call w and v the projections of a vector of the amplitude- 
phase characteristic on the abscissa and ordinate axes (lig. 91). 

The curves relating wu and v to @ are called respectively the real 
and imaginary characteristics of the clement. The reason for these 
names will become clear in the following section. 

The term “frequency characteristics’ includes the characteristics 
of all five types enumerated above: amplitude-phase, ampliticle, 
phase, real and imaginary. 

For the linear clement, the amplitude B is proportional to A 
and therefore the construction of the amplitude-phase characteristic 
is independent of A. Thus an element ts linear if, when a harmonic 
oscillation 1s applied to its input a harmonic oscillation ts also sek up at 
the output, with the same frequency as, and with an amplitude proportional 
to the amplitude of the input oscillation. 
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If an. element is not linear, then the shape of the oscillations of 
the output coordinate is not sinusoidal and its ordinates are not 
proportional to A. The oscillations of the output coordinate in this 
case may be represented by a Fourier series and after this we may 
construct the amplitude-phase characteristics separately for each 
harmonic. But to do this it is necessary to construct a separate curve 
for each value of A. 

If the element is non-linear, but is linearizable, then the output 
oscillations depend also on the position of the mean (equilibrium) 
value of the input coordinate in the non-linear static characteristic 
of the element. 

In this case, in order to obtain correctly the amplitude-phase 
characteristic of the element experimentally, it is necessary to apply 
sinusoidal oscillations of small amplitude to the input coordinate. 
These oscillations must depend on the value of the input coordinate 
which is steady in the conditions being considered. This value is found 
from the static solution and was taken earlier as the zero reading in 
the derivation of the equations. Each set of conditions has its own 
amplitude-phase characteristic, so that for each set it is necessary 
to carry out a series of experiments, gradually increasing the ampli- 
tude of the applied oscillations until such time as a change in this 
amplitude does not any longer give rise to a change in the curve of the 
amplitude-phase characteristic obtained. Thus, for each set of con- 
ditions we must determine the amplitude-phase characteristic and 
define the region in which a linear analysis is valid. 

Experience has shown that the method of collecting such a series 
of frequency characteristics for linearizable elements is little used 
and the experimental determination of the frequency characteristics 
is widely adopted only for linear elements. 


(b) The determination of the amplitude-phase characteristic 
of a linear model from the equations of motion 


When equations of motion have been derived for some elements 
of the system, but the properties of other, linear, elements are given 
by experimentally derived frequency characteristics, it Is necessary 
to construct the frequency characteristics for the first elements* 

* The converse problem of determining the equations of motion from the 


frequency characteristics is considerably more complicated, and in practice, 
as far as wo can, we avoid it. 
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from their equations of motion, in order to construct the frequency 
characteristic of the system from the frequency characteristics of all 
the elements and to take it as the initial material for further calcula- 


tions. 
We use Euler’s identity : 


e+t — coswt + isin at. 


If we replace the disturbance which we applied at the input of the 
element when we obtained the frequency characteristic 


Xj, = Asinoat, 


by the complex function 


a = Agi | (2.47) 


then the true disturbance is the imaginary part of (2.47). 

Putting this value of Xj, into the equation of the element, we 
calculate the forced motions of the output coordinate by finding 
the particular integral of this equation. 

Because of the principle of superposition, its imaginary part also 
defines forced motions of the output coordinate of the open system, 
caused by an external disturbance 


Xi, = A-sin ol. 


Let the most general form of the equation of the clement be 


Xs - yr 1 din-1 hee ta, Zou = 
(2.48) 
a" Xin d™-1X,, 
= by tO EN eo Xn 


We will look for the particular integral of (2.48) in the form 


X out = Beit 1?) Belt e'? . 
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We note that 
dx 


7 — Bei? (iw) eit | 
2 
wae = Bel? (iw)? eit , 
“2 — Bei? (iw)" eiwt . 


Substituting these values in.(2.48) we find 


[ay (tw)” + a, (tw)? 1+...+4,] Bel? eivt — 


(2.49) 
= [b, (tw)™ + 6, (tw)™1+...+6,,| Ae 
or 
d (iw) - Bel? et — k (iw) Aci. 
Hence 
A ois — G (iw) . (2.50) 
B k (io) 
Separating real and imaginary parts in (2.50) we can write it as : 
iarcta 2(@) 
Se = u(w) + iv(o) = Jlu@ P+ e@ee 2, 
Hence 
A 
>> V[u (@)}? + [o()}? (2.51) 
and 
g = — arctan ?(®) . (2.52) 
u (w) 


Thus, for an external disturbance 


Xin = Aeiot 
the forced motions of the output coordinate are equal to 


_ A aL (ot—arctan za) | 
/ [r(o)}® + [o(co)]? 


out 
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or 
A 


—— ee 


Xou FF ooo oom" 
' Vfu(@)? + [o (@)? 

@) 

60) 


+ 2Sin ot — arctan atl . 
w(w) 


cos — arctan v a | +. 


U (WwW 
( 


(2.53) 


The actual external disturbance has the form* 


X,, = Asin wt = Im Ae™. 


Thus the oscillations at the output are determined by the imaginary 
part of (2.53), 1.e. 


(@) 


A v 
X out = —_—__—_—— sin | wl — are tan ---— . 


[fal + [e@)? u (a) 


The length of the vector from the origin to a point of the ampli- 
tude-phase characteristic of the first kind is determined by the for- 
mula (2.51) and its argument by (2.52). 

The formula (2.51) determines the amplitude, and (2.52) the phase 
of the characteristic. The expressions for (mw) and v (w) define the 
real and imaginary characteristics. 

Knowing the equations of motion, i.e. d (p) and k(p), it is casy 
to find from these formulae a point of the amplitude-phase charac- 
teristic for any ow. 


(c) The construction of the frequency characteristic of an element 
from tts time characteristic 


Frequently the properties of some clements of a system are given 
by their amplitude-phase characteristics and the properties of its 
other elements are given by their time characteristics, since sometimes 
an element does not allow the application of oscillations, while the 
experimental determination of the time characteristic does not con- 
stitute any difficulty (see Section 1 of this chapter). 


* Re denotes the real part, and Im tho coefficient of the imaginary part 
of the expression following these letters. 

For example, if W(im) == u(m) -|- de(m), then Re Wim) +2 ulm) and 
Im W(t w) = e(w). 
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In such cases it is necessary to construct the frequency charac- 
teristic of the element from its time characteristic. | 

Let the time characteristic of an element be given (as in Fig. 92). 

We assume that we have introduced relative coordinates, and 
that the element receives at its input a disturbance equal to 0 for 
i <0 and equal to 1 for all ¢ > O in the given relative coordinate 
system. 

We divide the time axis (é-axis) into m small equal intervals of 
time 4¢. According to the time characteristic, each such interval 


* out Xout 


At 


“an 
Are 


0123456789 


Fig. 92 Fic. 93 


corresponds to a definite positive or negative increment in the output 
coordinate A w,y+ (Fig. 93). 

Let us set w equal to any value w,, and construct m vectors 
at the origin in the (2, v)-plane in such a way that the modulus of the 
jth vector is equal to 4 ,, the first of the vectors is directed along 
the u-axis, and the increment in the argument of the j-th vector with 
respect to the argument of the preceding (7 — 1)-th vector, reading 
clockwise, is equal to w, At. The increment in the argument is de- 
creased by an additional 180° for those vectors which correspond 
to the point where 44; changes sign. The sum of all these vectors 
determines a vector of the amplitude-phase characteristic of the second 
kind of the element we are considering for the value a. 

It is then necessary to repeat this construction with new values 
of w, and to determine the characteristic vector for these values. 

We demonstrate this construction (Fig. 94) using the time char- 
acteristic shown in Fig. 93, putting w, = 1. 
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We construct the vector of modulus 4x, and argument zero. 
At the end of this vector we construct a new vector of modulus 4 x, 
and argument, reading clockwise from the direction of the first vector, 
equal to 4t. From the end of this vector we draw a vector with mo- 
dulus 4x,, and argument 4¢, reading clockwise from the direction 
of the second vector, and so on. 


arctg At 


Fig. 94 


Starting from the fifth vector (4x, and further) the increments 
Ax are negative (see Fig. 93), and therefore the increment of the sixth 
vector with respect to the fifth is equal to At — ax. 

The vector joining the origin of co-ordinates to the end of the 
m-th vector of this construction is also the characteristic vector for 
frequency = 1. This means that the end of the m-th vector deter- 
mines the point of the amplitude-phase characteristic of the second 
kind corresponding to the frequency = 1. 

The greater the value of m, and the smaller the value of 1 ¢, the 
higher is the accuracy of the result. When the values of w can be 
bounded so that 2a Jt <1, the construction can be made more 
accurate by multiplying the modulus of the resulting vector obtained 
for any value w = w; by the quantity 

OAL 


sin (w At) 


THE CONSTRUCTION OF A LINEAR MODEL CONTROL SYSTEM 12] 


The basic advantage of this method for constructing the ampli- 
tude-phase characteristic from the time characteristic is that the 
whole construction is done graphically and does not demand the use 
of tables or any calculation: the moduli of the vectors are found 
directly from Fig. 93 and the increments in the arguments of all 
the summed vectors are identical. The disadvantage of this method 
lies in the fact that in order to obtain one point of the amplitude-phase 
characteristic a large number (often several dozen) of vectors must be 
constructed. It is possible to reduce the number of vectors summed 


Xout, 


Fie. 95 


by many times at the cost of some complication in computing their 
moduli and arguments, by using a second construction arising from 
the equation 


f (iw) = S| sin ee | etn? 
j=l At j@ 2 

This equation is easily derived from the basic theory of Laplace 
transforms. In order to use it we must replace the time characteristic 
not by the stepped line but by a series of straight line segments 
(Fig. 95) and drop perpendiculars from the points of intersection of 
adjacent segments on to the f-axis. These perpendiculars divide 
the t-axis into r sections. The lengths of these sections are denoted 
by At;, the abscissa corresponding to the mid-point of each section 
is tm,, and the projections of the broken line on the ordinate axis are Cj. 
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The number of vectors which we must sum in this method in 
order to obtain one point of the amplitude-phase characteristic is 
equal to the number of straight line segments which make up the 
broken line in Fig. 95. This is considerably smaller than the number 
of steps in Fig. 93. But on the other hand the modulus and argument 
of each vector must be calculated from the given formula. 


(d) The construction of the frequency characteristic of a system 
from the frequency characteristics of its elements 


Let the Laplace transform of the input and output coordinates 
of a linear element (or system) be connected by the relation 


M (Pp) L [Zour] =f (p) L [%in] ’ 


where M(p) and R(p) are polynomials in p, so that the transfer func- 
tion of this element (or system) is 


R(p) 
MM (p) 

Then, as we showed above, the amplitude-phase characteristic 
of the second kind for this element (or system) can be constructed 
if the ratio 


W(p) = 


Fi (io) 
M (1) 


is found for a range of values of w say from 0 to --- °° and tho ends 
of the vectors corresponding to these complex numbers, joined by 
a smooth curve. Thus, the amplitude-phase characteristic of the 
second kind of an element (part of a system or a system as a whole) 
can be obtained by substituting 7 for p in its transfer function. 

In Section 6 it was shown how the transfer function of the open 
or closed system is related to the separate transfer functions 
of its elements. 

These same relationships, after substituting ¢w for p, define the 
relation between the amplitude-phase characteristics of the second 
kind of an open or closed system and the amplitude-phase charac- 
teristics of the second kind of its elements. 

Thus, for example, from (2.36) it follows that cach vector of the 
amplitude-phase characteristic of the second kind of an open sequen- 


= u(w) + iv(o), 
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tial circuit of elements is found for any value of » by multiplying* 
the vectors of the amplitude-phase characteristics of the second kind 
of all the elements for this value of o. 
If for each element 
w, (im) = 7, erie), 


then for a sequential circuit of » elements 
j=an ; j=n 
W (to) = ai Ww ; (1) = ai r, eip;(w) =P. () eit) , 
j=l j=1 , 
where 
j=n jan 
r(w) = Jf 7r;(®) and 9(o) = S¢, (a). 
j=l j=l 


For a second example we consider a closed single-loop circuit. 

If an external disturbance is applied to the first element, then 
the transfer function for this disturbance of the coordinate xx is de- 
termined by the formula 


© (p) = W, (2) 


1 + W, (p) We(p) 
If we assume that the external disturbance is sinusoidal, then the 
steady oscillations of the coordinate x, are determined by the ampli- 
tude-phase characteristic 


@D (ta) = Wy iw) , 
1+ W, (iw) W, (iw) 
where . 
-_ _ 
W , (ie) = J] w; (iw) and W,(io) = J] w, (6a). 
j=l j=k+l 


In order to construct it, we must first construct the hodograph 
of W (tw) and the hodograph of W, (tw) -W, (tw). The imaginary 
axis on the latter graph must then be displaced to the left by one unit. 
In this way we obtain the hodograph of 


1 + W, (iw) W, (to). 
Then, the vectors W, (tw) must be divided by the vectors of the 
constructed hodograph 1+ W, (iw) W, (tw) for the same value of ow. 


* Here, vectors are multiplied according to the multiplication rules for 
complex numbers, the moduli being multiplied, the arguments added. 
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Just as the formation of the transfer function of the system com- 
pletes the preparation for the analysis of the control process using 
the equations of the element, so the formation of the amplitude-phase 
characteristic of the system completes the preparation for the analysis 
of the control process using the amplitude-phase characteristics 
of its elements. 

To analyse the process, the characteristics both of the open system 
and of the closed system must be available. (For an investigation of 
stability see Chapter III, and for a study of the course of the process, 
see Chapter IV.) 


Fra. 96 


For an open system it is essential to know the amplitude-phase 
characteristic, while for a closed system we are usually required to 
know the amplitude and the real characteristics. Let us represent 
the vector ® (iw) of the closed system in the two forms : 


PD (iw) = A(w) e™ and D (iw) = P(w) + 7Q (w). 


The graph of the function A (w) is called the amplitude charac- 
teristic of the closed system, and the graph of the function P (w) 
is its real characteristic. 

In Fig. 96 are shown the amplitude-phase characteristic, the vec- 
tor © (tw) (for one value of w), and the quantitics P, Q, A and + 
are indicated. From Fig. 96 it follows that 


A* (w) = PP? (w) + Q? (o) 


and 
P (w) = A (a) - cos @ (a). 
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It is usually sufficient to carry out the construction of the ampli- 
tude-phase characteristic of the open system ; from it, it is then easy 
to construct the amplitude characteristic A (w) and the real charac- 
teristic P (w) for the closed system. 


(e) Logarithmic characteristics 


When the transfer function of the open system is equal to the 
product of the transfer functions of the separate elements, the con- 
struction of the amplitude-phase characteristic of the system from 
the characteristics of the elements is simplified if a logarithmic scale 
is employed.* 

The transition to a logarithmic scale also extremely simplifies 
the construction of the amplitude-phase characteristics of the elements 
from their linear equations, in particular in cases where the degree 
of the operators d; (p) and k; (p) is not greater than one. 

Terminology. The terminology used in the construction of loga- 
rithmic frequency characteristics is borrowed from acoustics. 

If two frequencies are such that one is twice the other, that is 

yg 
Oy 
then the frequencies w, and w, are said to differ from one another by 
one octave. 
If this ratio is equal to ten, 1. e. 


—2 = 10, 


then these frequencies are said to differ by one decade. 

In order to measure the ratio of two quantities which vary over 
a wide range, the logarithmic scale is often used. 

In measuring the ratio of two powers NV, and N,, they are said 
to differ by one bel if 


log 22 =]. 
Ny 


This is a comparatively large unit of measurement. 


* Various methods have been suggested which use the logarithmic scale, 
for the construction of the frequency characteristics of non-single-loop systems 
as well, but for these the transition to logarithmic characteristics still has not 
such undeniable advantages as for single-loop systems. 
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When considering concrete problems it is usually necessary 
to use a smaller unit of measurement, called the decibel. This unit is 
defined by the following equation : 


10 log 42 =]. 
N, 


From powers, we may pass to the measurement of *‘protoplastic”’ 
quantities (the amplitudes of the forces, of current, potential, pressure 
and so on) whose square is proportional to the powers 


Ni, = 72, N,= J. 


Thus, if 
2 
LOlog “2 = lolog 22 =], 
N, Jt 


then the ratio of the amplitudes of the forces of current, potential, 
pressure and so forth is given by 


Jy 


if J, differs from J, by 1 decibel. 

Table I enables us to translate logarithmic units of measurement 
into units of the ratio of powers and of ‘‘protoplastic’’ quantities 
(e.g. potentials or currents). 

Henceforth, when we use logarithmic characteristics the frequency 
measurements will be made in octaves or decades, and the amplitude 
in decibels. Proceeding to the construction of logarithmic charac- 
teristics, we begin by considering an astatic stage. 

Asiatic stage. The transfer function of this stage is defined 
by the equation 


k 
w(p)=-—. 
P 


Putting » = to, in this equation we obtain : 


wlio) = oa (2.54) 
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TaBLE J. 
CONVERSION FROM DECIBELS INTO ABSOLUTE RATIOS 


Ratio of | | ! Ratio of 


voltages or | Ratio of +dB j voltages or | Ratio of 
currents | powers | currents , powers 
1-0000 | 1-0000 0 | 1-0000 1-0000 
0-9994 | 0-9989 | 0-008 | 1-0006 | 1-0012 
0-9989 0-9977 | 0-01 : 1-0012 1-0023 
0-9977 0-9954 | 0-02 1-0023 1-0046 
0-9966 09931 {| 0-08 | 1-0035 1-0069 
0-9954 09908 | 0-04 1-0046 1-0093 
0-9942 0-9886 0-05 1-0058 1-0116 
0-9931 0-9863 0-06 1-0069 1-0139 
0-9920 0-9840 0-07 1:0081 1-0162 
0-9908 0-9818 0-08 1-0093 1-0186 
0-9897 0-9704 0-09 1-0104 1-0209 
0-9886 0-9772 0-1 1-012 1-023 
0-9772 0-9550 0-2 1-023 1-047 
0-9661 0-9333 0-3 1-035 1-072 
0-9550 0-9120 0-4 1-047 1-096 
0-9441 0-8913 0-5 1-059 1-122 
0-9333 0-8710 0-6 1-072 1-148 
0-9226 0-8511 0-7 1-084 1-175 
0-9120 0-8318 0-8 1-096 1-202 
0-9016 0-8128 0-9 1-109 1-230 
0-8913 0-7943 1:0 1-122 1-259 
0-8810 0-7762 1-1 1-135 1-288 
0-8710 0-7586 1-2 1/148 1-318 
0-8610 0-7413 1:3 1-161 1-349 
0-8511 0-72.44 14 1-175 1-380 
0-8414 0-7079 1-5 1-189 1-413 
0-8318 0-6918 1-6 1-202 1-445 
0-8222 0-6761 1-7 1-216 1-479 
0-8128 0-6607 1:8 1-230 1-514 
0-8035 0-64.57 1-9 1-245 1-549 
0-7943 0-6310 2:0 1-259 1-585 
0-7852 0-6166 2-1 1-274 1-622 
0:7762 0-6026 2-2 1-288 1-660 
0-7674 0-5888 2-3 1-303 1-698 
0-7586 0-5754 2-4. 1-318 1-738 
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TaBLE I. (contd.) 


i . Ratio of . 
votcgesor | Ratio of | cam | voltages’or | Ratio of 
currents powers currents powers 
0-7499 0-5623 2°5 1-334 1-778 
0-7413 0-5495 2-6 1-349 1-820 
0-7328 0-5370 2-7 1-365 1-862 
0-7244 0-5248 2-8 1-380 1-905 
0-7161 0-5129 2-9 1-396 1-950 
0-7079 0-5012 3-0 1-413 1-995 
0-6998 0-4898 3-1 1-429 2-042 
0-6918 0-4786 3-2 1-445 2-089 
0-6839 00-4677 3-3 1-462 2-138 
0-6761 0-4571 3°4 1-479 2-188 
0-6683 0-4467 3-5 1-496 2-239 
0-6607 0-4365 3-6 1-514 2-291 
0-6531 0-4266 3°7 1-531 2-344 
0:-6457 0-4169 3°83 1-549 2-399 
0-6383 0:4074. 3-9 1-567 2-455 
0-6310 0-3981 4-0 1-585 2-512 
0:6237 0-3890 4+] 1-603 2-570 
0-6166 0-3802 4-2 1-622 2-630 
0-6095 00-3715 4-3 1-641 2-692 
0-6026 0-3631 4-4 1-660 2°754 
0-5957 0:3548 4:5 1-679 2-818 
0-5888 0:3467 4:6 1-698 2-884 
0-5821 0-3388 4-7 1-718 2-951 
0-5754 0-3311 4-8 1-738 3-020 
0-5689 0-3336 4-9 1-758 3-090 
0-5623 0-3162 3:0 1-778 3-162 
0-5559 0-3090 O°] 1-799 3° 236 
0-5495 0,3020 5-2 1-820 3-311 
0-5433 0-2951 Hee 1-841 3-388 
0°5370 0-2884 5-4. 1-862 3°467 
0-5309 0-2818 5:5 1-$84 3°548 
0-5248 0-2754 5-6 1-905 3°63 1 
0-5188 0-2692 5-7 1-928 3-715 
0-5129 (2630 5-8 1-950 3°802 
0-5070 0-2570 5-9 1-972 3° 800) 
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TaBLE I. (contd.) 


Rati f . Rati f . 
voltages or Ratio of +dB voltages or Ratio of 
currents powers currents powers 
0-5012 0-2512 6-0 1-995 3-981 
0-4955 0-2455 6-1 2-018 4-074 
0-4898 0-2399 6-2 2-042 4-169 
0-4842 0-2444 6-3 2-065 4-266 
0-4786 0-2291 6-4 2-089 4-366 
0°4732 0-2239 6-5 2-113 4-467 
0-4677 0-2188 6-6 2-138 4-571 
0-4624 0-2138 | 6-7 2-163 4°677 
0-4571 0-2089 | 68 2-188 4:786 
0-4519 0-2042 6-9 2-213 4-898 
0-44.67 0-1995 7-0 2-239 5-012 
0-4416 0-1950 T1 2-265 5-129 
0-4365 0-1905 7-2 2-291 5-248 
0-4315 0-1862 7-3 2-317 5-370 
0-4266 0-1820 T-4 2-344 5-495 
0°4217 0-1778 7°5 2-371 5-623 
0-4169 0-1738 7-6 2-399 5-754 
00-4121 0-1698 77 2°427 5-888 
0:4074 0-1660 7-8 2-455 6-026 
0-4027 0-1622 7-9 2-483 6-166 
0-3981 0-1585 8-0 2-512 6-310 
0-3936 0-1349 8-1 2-541 6-457 
0-3890 0-1514 8-2 2-570 6-607 
0:3846 0-1479 8-3 2-600 6-761 
0-3802 0:1445 8-4 2-630 6-918 
0-3758 0-1413 8-5 2-661 7-079 
00-3715 0-1380 8-6 2-692 7-244 
0-3673 0-1349 8-7 2-723 7-413 
0°-3631 0-1318 8-8 2-754 7-586 
0-3589 0-1288 8-9 2-786 7-762 
0-3548 0-1259 9-0 2°818 %-943 
0-3508 0-1230 9-1 2-851 8-128 
00-3467 0:1202 9-2 1-884 8-318 
0-3428 0-1175 9-3 2-917 8-511 
0-3388 0-1148 9-4 2-951 8-710 
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TsaBLE I. (contd.) 


i . Ratio of . 
voltages or Ratio of +dB voltages or Ratio of 
currents powers currents powers 
0-3350 0-1122 2-985 8-913 
0-3311 0-1096 3-020 9-120 
0-3273 0-1072 3°055 9-333 
0-3236 0-1047 3-090 9-550 
0-3199 0-1023 3-126 9-772 
0-3162 0-10000 3-162 10-00 
0-3126 0:09772 3-199 10-23 
0-3090 0-09550 3°236 1-047 
0-3055 0:09333 3:273 10:72 
0-3020 0-91200 3°311 10-66 
0-2985 0-08913 3°350 11-22 
0-2951 0-08710 3°388 11-48 
0-2917 0-08511 3°428 11-75 
0-2884 0-08318 3°467 12-02 
0-2851 0-08128 3-508 12-30 
0-2818 0-07943 3-548 12-59 
0-2786 0-07762 3-589 12-88 
0-2754 0:07586 3-631 13-18 
0-2723 0:07413 3-673 13°49 
0-2692 0-07244 3-715 13°80 
0-2661 0-07079 3-758 14:13 
0-2630 0-06918 3-802 14°45 
0-2600 Q-06761 3°S46 14-79 
0-2570 0-06607 3-800 15-14 
0-2541 0-06457 3-936 15-49 
0-2512 0-06310 3-981 15-85 
0-2483 0-06166 4-027 16°22 
0-2455 0-06026 4-()74 18-60 
0-2427 0-05888 4-12] 16-98 
0-2399 0-05754 4-169 17-38 
0-2371 0-05623 12°5 4-271 17-748 
00-2344. 0-05495 12-6 4-266 18-20 
Q0-2317 0-05370 12-7 4-315 18-62 
0:2291 0-05248 12-8 4-365 19-05 
0:2265 0:05129 12-9 4-416 19-50) 
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TaBLE I (contd.) 


ati . | . 
voltages oF | Ratio of : dB waltages OF : Ratio of 
currents { POWSTS . currents | POWStS 
: | | | 
0-2239 | 005012 , 130 | 4467 § 19-95 
0-2213 ; 0-04898 !| 13-1 4-519 20-42 
0-2188 + 0:04786 , 13-2 4-571 | 20-89 
0-2168 | 0-04677 | 13-83 4624 | 21-38 
O-2188 ; 0-04571 | 18-4 4-677 | 21-88 
0-21138 |  0-04467 | 13-5 4-732 | 22-39 
0-2089 |, 0-04365 |, 13-6 4-786 | 22-91 
0-2065 | 0-04266 | 13-7 4-842 | 23-44 
0-2042 0-04169 | 13-8 4898 | 23-99 
0-2018 0-04074 13-9 4-955 | 24-55 
0-:1995 | 0-03981 14-0 5-012 25-12 
0-1972 |  0-03890 14-1 5-070 25-70 
0-1950 0-03802 14-2 5-129 26-30 
0-1928 0-03715 14-3 5-188 26-92 
0-1905 0-03631 14-4 5-248 27-54 
0-1884 0-03548 14:5 5-309 28-18 
0-1862 0-03567 14-6 5-370 28-84 
0-1841 0-03488 14-7 5-433 29-5] 
0-1820 0-03311 14-8 5-495 30-20 
0-1799 0-03236 14-9 5-559 30-90 
0-1778 0-03162 15-0 5-623 31-62 
0-1758 0-03090 15-1 5-689 32-36 
0-1738 0-03020 15-2 5-754 33-1] 
0-1718 0-02951 15-3 5-821 33-83 
0-1698 0-02884 15-4 5-888 34-67 
0-1679 0-02818 15:5 5-957 35-48 
0-1660 0-02754 15-6 6-026 36-31 
0-1641 0-02692 15-7 6-095 37-15 
0-1622 0-02630 15-8 6-166 38,02 
0-1603 0-02470 15-9 6-237 38-90 
0-1585 0-02512 16-0 6-310 39-81 
0-1567 0-02455 16-1 6-383 40-74 
0-1549 0-02399 16-2 6-457 41-69 
0-1531 0-02344 16-3 6-531 42-66 
0-1514 0-02291 16-4 6-607 43-65 
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Ratio of 
voltages or 


currents 


0-1496 
0-1479 
0-1462 
0-1445 
0-1429 


0-1413 
0-1396 
0-1380 
0-1365 
0-1349 


0-1334 
0-1318 
0-1303 
0-1288 
0-1274 


0-1259 
0-1245 
0-1230 
0-1216 
0-1202 


0-1189 
0-1175 
0-1161 
0-1148 
0-1135 


0-1122 
0-1109 
0-1096 
0-1084 
0-1072 


0-1059 
0-1047 
00-1035 
0-1023 
0-1012 


0-1000 
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TABLE I. (contd.) 


Ratio of 


powers 


0:02239 
0-02188 
0-021388 
0-02089 
0-02042 


0-01995 
0-01950 
0-01905 
0-01862 
0-01820 


0-01778 
0-01738 
0-01698 
0-01660 
0-01622 


0-01585 
0-01549 
0-01514 
0-01479 
0-01445 


0-01413 
0-01380 
0-01349 
0-01318 
0-01288 


0-01259 
0-01230 
0-01202 
0-OL175 
0-01148 


0-01122 
0-01096 
0-01072 
0-01047 
0-01023 


0-01000 


+dB 


16-5 
16-6 
16-7 
16-8 
16-9 


17-0 
17-1 
17-2 
17-3 
17-4 


17-5 
17-6 
17-7 
17-8 
17-9 


18-0 
18-1 
18-2 
18-3 
18-4 


18-5 
18-6 
18-7 
18-8 
18-9 


19-0 
19-1 
19-2 
19-3 
19-4 


19-5 
19-6 
19-7 
19-8 
19-9 


20-0 


Ratio of 
voltages or 


currents 


6-683 
6-761 
6-839 
6-918 
6-998 


7-079 
7-161 
7-244 
7-328 
7-413 


7-499 
7-586 
7-674 
7-762 
7-852 


7-943 
8-035 
8-128 
8-222 
8318 


8-414 
8-511 
8-610 
8-710 
8-811 


8-913 
9-016 
9-120) 
)-226 
9-333 


0-441 
9-550) 
9-661 
9-772 
9-886 


10-000 


Ratio of 
powers 


44-67 
45-71 
46-77 
47-86 
48-98 


90-13 
51-29 
52-48 
53-70 
54-95 


56-23 
57-54 
58-88 
60-26 
61-66 


63-10 
64-57 
66-07 
77-61 
69-18 


70-79 
72-44 
74-13 
75,86 
77-62 


79-43 
81-28 
83-18 
85-11 
87-14) 


89-13 
01-20 
93°33 
95-50 
97-72 


100-00 
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The amplitude characteristic is determined by the modulus of the 
transfer function 
1 oo...) OK 
A(o) =) w(tw)|=—. (2.55) 
w 
Thus, the amplitude characteristic, measured in decibels, is defined 
by the following equations: 


L = 20 log A (w) = 20log—, 
QM 


Fic. 97 


or 
L= 0lgk— 0lgo. (2.56) 


Let us put LZ, in decibels, along the y-axis, and log w along the 
z-axis, while indicating wo (Fig. 97). In these coordinates, equation 
(2,56) is the equation of a straight line. Usually the construction of a 
logarithmic amplitude characteristic is done first for k = 1, but the 
fact that k + 1 is taken into account later when passing from the 
characteristic of the element to that of the system. 

For k = 1 from (2.56) we obtain L = —20lg a. When o = a, 
let L = L, and when w = o, = 2a, let L = L,, where L, = —20 lg a, 
L, = —20lg wo, = —20 lg 20, = —20lga,— 20lg2. The latter 
equation can be written in the following form: 


DL, =L,— 20log2~L,—6, 
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from which it follows that the straight line has a negative slope of 6 dB 
per octave. 

Thus, the straight line with a negative slope of 6dB per octave 
passing through the origin of the coordinates log ow = OL = 01.e.% = 1, 
is the amplitude logarithmic characteristic of an astatic stage with coeffi- 
cient of amplification k = 1 in coordinates L, w (L in decibels and the 
frequency scale being logarithmic). 

Single-capacitance stage. The transfer function of a single- 
eapacitance stage is 


w(p) = — 
P Tp+1- 
1 
If we put Or= then 
kw 
w (p) = =, 
P+ Or 


where wr is the conditional or conjugale* frequency of the single- 
capacitance stage. Hence 


* The reasons for this name will be explained below. 


kor 


(40) = 
tO + Or 


The amplitude eharacteristic is given by the modulus of the transfer 
function 


As before, L = 20 log A(), i. e. 


meats 


DL = 20logk + 20log wr -- 20log wo? + w?. 


If k = 1, then the equation of the characteristic may be written in 
the form 


L = 20 log wy — 20 log wt 4- w?. 


We can considerably simplify the construction of this curve by 
finding its asymptotes. 
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Let o> 0. Then L = 20logw; — 20log Jw? + w?->0 and by put- 
ting an equals sign in place of +, we obtain the equation of one of the 
asymptotes of the required curve. 

If we let w— ~, then 


Vo% + w? > Vo? and L— 20logw, — 20log ». 


By putting = instead of — we find the equation of the second asymp- 
tote to the required curve. It is clear that this asymptote passes through 


0 
(OEE RESTING jig cx 6 Sb mani 


Fig. 98 


the point w = w7 with a slope of —6 dB per octave. Indeed 
for w= , D = L, = 20 log wr — 20 log @, , 


and for o = 0, = 20, 


L =D, = 20 log wr — 20 log a, — 20 log 2, 
1. €. 
DL, ~ L,— 6. 
We can usually substitute a broken line consisting of sections of the 
asymptotes for the true logarithmic amplitude characteristic of a 
single-capacitance stage since the curve differs little from this line 
(Fig. 98). 
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Let us estimate the amount of error obtained in this substitution: 


The error is 6 = Lirye — Lapp 


where Li;ye is the true value of the characteristic, Lap, is the approxi- 
mate value obtained in replacing the characteristic by its asymptote. 
For o < wr 
6 = 20logw, — 20 log Vw? + w?. 
For © > Or 
6 = 20log w — 20 log Jw2 + w?. 


The values of 6 for various frequencies are set out in Table IT. 


TABLE II. 


als 


—0-3 —0:3 


1 | 
rj ST 
| 
ap —0-17 


wea) = —0-17 


3) =] 4 


ee 


For o = wr the error is at its greatest and reaches —3 dB; for 
@ = 2wr the error decreases to 1 dB. Thus, the absolute values of the 
error are insignificant. 

Oscillatory stage. The transfer function of this stage is of the form 


I 
Tp + Ty. p+ i 


w (p) = 


We transform this expression, dividing numerator and denominator 
by 2: 


P _ k 
w (p) = ——---- -~ - 
24 r a 
p+ Es pt - a 
Let us put 
1 Ty ty —_ T 
pe Ow, AE OR Fae 
Then 
kwi 
w (7) —*. 


g? 4- 2g p -f- 0" 
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Putting p = 1, we obtain: 


; ko 
w(io) = ———___—_—_. 
(w3 — w*) + 2ifw, 
which gives 
apy? 
A(w) = kwa (2.57) 


Putting the value of A(w) obtained from( 2.57) in LD = 20 log A(w) 
we obtain: 
I = 20 log es ) , (2.58) 
V/ (w% — w?)2 + 4E? w3 wv? 
giving 
L = 20logk + 20 log w3 — 20 log /(w3 — w?)8 - 4£2 w2 w?. 


For k=1 
L = 20 log w — 20 log V/(w2 — w?)? + 4€? w3 w?. 


This is the exact equation of the logarithmic amplitude characteristic 
of an oscillatory stage. To simplify its construction in this case too 
we can replace it by its asymptotes. 

Suppose that w— 0. Then 


L—> 20 log w%} — 20 log w%—> 0. 


Replacing the—> by equals signs, we obtain the equation of the first 
asymptote. 
Let w— co, Then 


Vw4 + 4&% wi—> w*, since wt > 4& w4 w- 


for sufficiently large values of w. 
Then 
DL —> 20 log w2 — 20 log w? 
or, otherwise, | 
L—» 40 log wy — 40 logw. 


Replacing the arrows by equals signs we obtain the equation 
of the second asymptote, which itself represents a straight line passing 
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through the point corresponding to w = wg. Let us therefore find its 
slope. If w = @,, then 


For © = 0, = 20, 
L, = 20 log wi — 40 log m, — 40 log 2. 


Taking into account that 20 log 2 ~ 6 we obtain 


Thus, the slope of the second asymptote is equal to 12 dB per octave. 
Let us estimate the magnitude of the error 6 = Lirue — Lapp which 
is introduced by replacing the characteristic of the oscillatory stage 
by its asymptotes, and let us find under what conditions this error 
will be negligible. 
For © < @g 


6 = 20 log w2 — 20 log V(w — w?)? +- 42 w3 w?. 


For o> ag 


ee 


= — 20log /w3 — w*)? + 422 wiw? + 20loga?. 


Obviously, the error depends on the quantity ¢. To estimate the errors 
we construct a family of curves for various values of the parameter & 
(Fig. 99). 

For & = 0-6 the error is little different from zcro. It docs not 
exceed roughly 3dB for 0-4 << § < 0-7. 

If € < 0-4, then near the value w = mw, the amplitude char acter- 
istic must be calculated from the cxact formula, since for small 
values the error may considerably exceed 3d and may tend to in- 
finity as > 0,1. e. when the oscillatory clement approaches the con- 
servative stage. 

An open loop consisting of astatic, oscillatory and single-capacitance 
stages. For such a circuit the transfer function has the form 


m n k 
W (p) = =. 7 , oe 
» EL; iy call TP + Type 
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The amplitude characteristic is 


| m ty | ee 
4) =H Ol= > Mea ale (0 — Tot) + a0 | 


or 


L = 20log A(w) = 20 lo hy L 
og A (a) = 200g —— Slog a 


Tole 


kj 
+ 20 lo doa) +, 0] ° 
2 — TP? w*) + iT; | 


In order to obtain an voracinat construction of the logarithmic 
amplitude characteristic of an open single-loop system, consisting of 
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single-capacitance, oscillatory and astatic stages, the following ope- 
rations must be carried out. 
1. As abscissa we take w on the logarithmic scale, and as ordinate 


L in decibels. 
- 1 
2. Along the w-axis we mark the points equal to ®7 = ra and wg 


(conjugate to the stage frequencies): For an astatic stage, it is con- 
ventional to put w; = 1. 

3. Through each point corresponding to a conjugate frequency 
we draw a straight line with a slope of 6 dB per octave (if the stage is 
astatic of single-capacitance) or of 12 dB per octave (if the stage is 
oscillatory). We must then add the ordinates of all the broken lines 
obtained. 

4. In order to make the curve more accurate we have to take into 
account the accumulated errors introduced by representing the curve 
of the element by its asymptotes. 

For an astatic stage, the error is equal to zero. For a single- 
capacitance stage it is given in Table II, and for an oscillatory stage 
it is found graphically (see Fig. 99). 

When, for the oscillatory stage 0-4 < § < 0-7, the error can be 
taken roughly as not exceeding 3dB. Usually sufficient accuracy is 
obtained if we regard the error for each conjugate frequency as being 
obtained only from the stage with this conjugate frequency. Then 
for each wr and @g we must plot a point 3dB. below the break. 
The points thus obtained must be joined by a smooth curve, as 
shown in Fig. 100. 

5. This procedure was done for k= 1. If K = I] kj; *~ 1, then 
the whole curve must be raised by the amount L = 20 log K. 

Stages with derivative action. We suppose that one of the stages 
of the considered circuit contains derivative action. Let the inherent 
operator of this stage be d(p). Then the Laplace transformed. diffe- 
rential equation of this stage can be written in the following form: 


d (p) L [%out |] == 41 +- ep) L [tin] . 
The usual rules give us the transfer function 


1 -+ op 


w(p) =k 
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By definition 
Lo. PT] + piw: 
A(o)=iw(io) =k 1+ gi 
‘ 
‘d (iw) | 


and hence 
L = 20 log A(w) = 20 log k -+ 20 log | 1 + igo | —20 log | d (2) |. 
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From this expression we see.that to construct the amplitude logarith- 
mic characteristic of a stage with derivative action we must add the 
ordinates of the curve 


20 log | 1 + igo |, 
to the ordinates of the logarithmic amplitude characteristic of the 
stage without derivative action, i.e. we can first construct the charac- 


teristic of the stage with the transfer function 


k 
’ , then construct 
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the characteristic of the equivalent stage with the transfer function 


(1 + op), and then add them. 
Let us construct the characteristic of an equivalent stage with the 


transfer function 


wip) =1-+ ep. (2.59) 


We transform the expression (2.59) as follows 


a L 
w (iw) = 1+ iw = Te | where wo, = —. 
Wo 0 
But, by definition, 
we + wm? 
A (2) = |w(io)|= | 2 


Hence 


L = 20log A (w) = 20 log Jw? + w? — 20 log Oy: 


In order to construct this curve we find its asymptotes as before. For 
small values of the frequencies, i.e. for o > 0, 2—> 0 also. Thus, the 
first asymptote will be the z-axis. For large values of frequency 
we obtain the equation of the asymptote in the following form 


L = 20 log w — 20 loga,. 


This expression is the equation of a straight line, but now with a 
positive slope. We can find the slope of this asymptote as before. It is 
equal to +6dB per octave. 

We note, furthermore, that for the second asymptote when 
L.= 0 = @,, 1.c. the asymptote intersect at the point @ == w). 

The errors introduced by substituting the points of tho curve by 
those of its asymptotes can be determined of tho table which was used 
for the single-capacitance stages, except that they will be of the oppo- 
site sign. 

Figures 101 and 102 give examples of tho construction of the 
logarithmic frequency characteristics of single-capacitance (Vig. 101) 
and oscillatory (Fig. 102) stages having first derivative action. 
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Let us suppose that in one of the circuit stages there is second 
derivative action. In this case, the transfer function has the form 


w(p) = bP) _ y§ ep se) 
Ws (DP) a (p) ’ 
and 


w) = 'w (iw)! = aad 
“ OF d (iw) | 


or, in logarithmic coordinates 
L = 20 log A(w) = 20 log k — 20 log|d (tw) | + 20 log|1+ 72 — sa? 


From the last expression it is clear that to construct the logarith- 
mic characteristic of this stage we must add together the ordinates of 
two logarithmic characteristics: that of the stage. with transfer 


function and that of a single equivalent stage with transfer 


function 
o,(p) = (1+ op-+ sp’). 


Let us construct the logarithmic characteristic of this equivalent 
stage. We transform its transfer function by putting 


Then 
Pt 2sogp+ w4 


Ww, (p) = 2 
Oa 

By definition 

(w} — w2)? + 4& ww? 


A, (0) =|, (0)| =| a 


and 


L = 201g A, (w) = 201g V/(w3 — w?)? + 422 w2 w? — 20log a. 
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We met similar equations when we considered the logarithmic charac- 
teristics of oscillatory stages. This equation differs from the earlier 
ones only in the sign of all its terms. We can therefore assert that the 
asymptotes of this curve will be the straight line L = 0 for small 
frequencies and the straight line 


L = 20 log w? — 20 log w} 


for large frequency values. 


EE 
OTT aa PST 
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The slope of the second asymptote will be positive and equal to 
12dB per octave. The crrors introduced in the substitution of the 
exact curve by its asymptotes will be given by the same graphs as for 
the ordinary oscillatory stages, but their sign will be reversed. 

Figure 103 is an example of the construction of tho logarithmic 
characteristic of an oscillatory stage with first ancl second derivative 
action. 

Single-loop circuit with derivative action. Logarithmic character- 
istics in this case are constructed according to the same rules as in the 
ordinary single-loop circuit. The only difference is that it is now neces- 
sary to take into account the logarithmic characteristic of the equiv- 
alent stage effecting the derivative action. 
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The construction of phase and amplitude-phase characteristics. 
It was shown above that the construction of the amplitude characte- 
ristic of a single-loop circuit is simplified when we use logarithmic co- 
ordinates, since the characteristics of the stages may be replaced by a 
broken straight line, and the characteristics of the open system in 
logarithmic coordinates are formed by the sum and not the product 
of the ordinates. 
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The phase characteristic of a system in ordinary (non-logarithmic) 
coordinates also is obtained by summing the phase characteristic of 
its elements, since the argument of the product of vectors is equal 
to the sum of the arguments of the factors. Let 


= Ay (p) 


W 
(p) = apy 


Then 


n rt 
arg W (iw) = Sargk; (iw) — Sargd; (iw). 
jel j= 
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Here all the kj(p) and d; (p) are polynomials of not higher than 
the second order. The values of their corresponding arguments are 
given in Table III. 


TaBLeE LI 
| | 
k(p) or a(p) are k(4w) or arg d(2w) 
a 
| 
c 0 
bw 
bp +c arctan —— 
C 
bw 
ap* + bp +e arctan - 
c— aw" 


In Table III a, b and c are constants. 

Thus, the construction of the phase characteristic of the separate 
stages of the open system also presents no difficulty. 

Knowing the logarithmic amplitude characteristics and phase 
characteristics it is easy to construct from them the amplitude-phase 
characteristic of the system. 
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(f) General remarks about the use of the frequency characteristics 
of a system to determine its properties 


For non-linear elements (whether they are linearizable or not), the 
essential difference between experimentally determined frequency 
characteristics and frequency characteristics calculated from the 
equations for the same conditions, must be borne in mind. 

When deriving the equation of motion we replaced the non-linear 
characteristics by their tangents at the point determined by the given 
conditions. When determining the frequency characteristics experi- 
mentally, we ‘‘average”’ the non-linear functions and replace the non- 
linear curves not by their tangents, but by secants, whose slope changes 
when there is a change in the amplitude of the sinusoidal disturbance 
applied at the input of the element. 

Thus, only when we start from the equations of motion can a 
strict transition to a consideration of the system ‘‘for small oscil- 
lations’ be effected, in the sense laid down in the theory of oscillations. 
When we are looking for the properties of a system with the use of 
frequency characteristics, the strict formulation of the problem of the 
investigation of the system ‘for small oscillations’ is not infringed, 
only if they calculated from the equations of motion linearized by the 
method in this chapter. In practice, the time constant of the element 
or its coefficient of amplification is sometimes determined from a time 
characteristic which has been found by experiment. Of course, cons- 
tants found in this way which enter into the equation of the linear 
model of the element also ‘‘average’’ the non-linear functions. 

When determining the properties of a system both from experi- 
mental frequency characteristics and when the equations given have 
coefficients obtained by averaging the time characteristics, the problem 
is not correctly put: we consider the oscillations of the equivalent 
averaged linear model of the given system, and not small oscillations 
of the system in the exact sense of the term. Such a non-rigorous 
statement of the problem is justified only by the accumulation of ex- 
perience which shows that often, in spite of it, the results obtained 
are admissible. Of course, this does not prove that correct results are 
obtained in all cases, and therefore in the experimental averaging of 
non-linearities (when finding the frequency characteristics or when 
determining the coefficients of the equations of motion from the time 
characteristics) great care and circumspection are required. 
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9, Concluding Remarks 


Let us summarize the contents of this chapter. 

The elements of automatic control systems are usually non-linear. 
In the linear theory of automatic control we consider not the real 
system, but its linear model. If the elements are linearizable, then a 
study of the linear model enables us to estimate the control process 
in the real system, but only for sufficiently small disturbances. The 
linear model depends not only on the properties of the system, but 
also on the conditions of operation: for each value of the load on the 
object, of the controller tuning, and so on, a separate linear model 
must be constructed and each possible set of operational conditions 
must be studied separately. We therefore begin the preparation of 
material for a dynamic calculation with the construction of the static 
characteristics of the system and the determination of the equilibrium 
values of the coordinates for all operational conditions. 

The transfer function of the system or its frequency charac- 
teristic can be used as the initial material for a linear analysis. 

In each case the calculation is begun by breaking the system 
down into its elements, choosing generalized coordinates and their 
origin and direction. A static investigation leading to the construction 
of the static characteristic of the system as a whole from the static 
characteristics of its elements, is made; this gives a family of curves 
determining the steady values of all the coordinates of the system for 
any possible set of conditions (i.e. for a series of fixed values of the 
load, tuning, ete.). 

Three cases can arise: 

(1) the properties of all the elements arc determined by the 
equations of motion; 

(2) the properties of all the elements are obtained from experi- 
mentally derived frequency characteristics under all givon conditions; 

(3) some of the elements have experimentally derived frequency 
characteristics, while the others do not. 

In the first case the next step in preparing the material for the 
problem is the derivation and linearization of the initial equations of 
motion for all the system elements. The linearized equations of the 
elements are reduced to typical forms by changing to relative co- 
ordinates and by introducing time constants and amplification coeffi- 
cients into the problem. Then, depending upon the action circuit of 
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the given system, the transfer function of the system for all possible 
conditions is derived. For different conditions, the transfer functions 
usually differ only in the numerical values of their coefficients, and 
they can be calculated for all the given conditions at once. 

In the second case, when the frequency characteristics of each 
system element for each set of conditions are given, the frequency- 
characteristic of the system for any conditions is formed from them. 

In the third case, when only some of the elements have experi- 
mentally determined frequency characteristics, the frequency charac- 
teristic of the system as a whole is also used as initial material 
for the linear calculations. In order to construct it, we must form 
the equations of motion for those elements without frequency char- 
acteristics, we must linearize them and reduce the linearized equa- 
tions to-typical form. We then form the transfer function of each 
element and from this construct its frequency characteristic. In 
some cases, the construction of the frequency characteristics can be 
made easier by using logarithmic characteristics. 

Then, just as in the second case, the frequency characteristic 
of the system can be constructed from the frequency characteristics 
of all the stages. Here we must construct as many characteristics 
as there are possible sets of conditions. 

Sometimes, even when there are no experimental frequency 
characteristics at all, the result of the preliminary work for the calcu- 
lation is presented in the form of frequency characteristics of the system 
under all conditions. This happens in those cases when it is wished to 
carry the linear analysis further by frequency methods. In such cases, 
after the transfer functions of the system have been obtained for various 
sets of conditions, the frequency characteristics are formed from then 
separately for each set of conditions. 


CHAPTER III 


THE STABILITY OF THE LINEAR MODEL 
OF AN AUTOMATIC CONTROL SYSTEM 


IN THE majority of cases the problem of control consists of estab- 
lishing and maintaining over a period of time the operating state 
of the controlled object. This problem gives rise to the requirement 
that the system of automatic control should possess a definite stabi- 
lity, even if only when the disturbances which affect the operating 
state of the controlled object or which act on the elements of the 
controller, are small. 

Let us suppose that some external action has disturbed equi- 
librium in the system and has set the control process into motion. 
Further, suppose that this action then disappears. Then the control 
process is called stable or of steady oscillation if, after a sufficiently 
small disturbance, the action of the controller results in the restoration 
of the same state as that maintained by the controller up to the time 
of the disturbance. In the contrary case, the control process is said 
to be unstable or of increased oscillation.* 

According to this definition, the stability of the process depends 
on the action of the controller after the disturbance has ceased to act 
on the system. At that moment, the system deviated in a definite 
way from its equilibrium state, and these deviations may be taken 
as the initial deviations. Then the concept of a “stable” or “unstable’’ 
control process may be formulated in the following way: a process is 
said to be stable if, for any sufficiently small initial deviations, the 
equilibrium is restored to the control system as a result of the action 
of the controller; the proccss is said to be unstable if we can find 
deviations as small as we please for which the controller docs not 


* Tho concept of “stuble process” will be made moro precise in Section 
4 of this chapter. 
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restore operating state which existed in the system before the appear- 
ance of these initial deviations. 

We will show further that for the linear model of a system of 
automatic control, the fact that a small initial deviation figures in the 
above formulation of the concept of stability is of no importance: 
if the linear model is stable with respect to small disturbances then 
it is stable also with respect to any other disturbance, not necessarily 
small. But if we use this linear model to estimate the behaviour of 
the true system, then this is only valid with respect to small dis- 
turbances and therefore, in the best case, stability of the given control 
system in the meaning of this term given above.* 

In practice automatic control is frequently employed in unstable 
processes. In most cases instability isthe scourge of control. For this 
reason the calculation of an automatic control system is begun with 
the elucidation of its stability conditions. 


1. Estimating the Stability of the Linear Model of a System, 
Using its Transfer Function 


(a) General considerations 


Let us suppose that at time ¢ = 0 the control system we are 
considering is in the position of equilibrium, that the control process 
is called into action because a certain action is applied to one of the 
elements of the system and that at time ¢ = ¢, this action disappears. 

Let us take ¢ = ¢, as the time coordinate origin. Then any co- 
ordinate of the system changes for t > #, according to the rule,** 


n 
t= > 0, 6P#, (3.1) 
k=1 , 


where the C;,, are constants, defined in the way described in Appendix I, 
and ; are the roots of the characteristic equation of the system which 
are obtained as in the previous chapter by equating the denominator 
of the transfer function of the system to zero. 


* At the end of this chapter (in Section 4) we shall investigate in detail the 
connexion between the stability of the original system and that of its linear 
model. The definition of the term “stability” given here differs from the classical 
definition of Lyapunov and corresponds to the concept “steady oscillation 
process”’ often used in technology. 

** See Appendix I 
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If all the roots », of the characteristic equation are real numbers, 
then the C; also are all real numbers, and x is the sum of exponential 
functions. If all the », are negative, then all the exponential functions, 
and hence x also, tend to zero as t —> ©; however, if any one of the p, 
is positive, then 7 —> co. 

Now let the characteristic equation have complex-conjugate roots 
Pe and py, Then each sum OC, ec" + Ox+4,e" on the right-hand 
side of (3.1) may be replaced (by Euler’s identity) by the sum 


ext (A, sin Bt + B, cos 8, %), (3.2) 


where a, is the real part and f; the imaginary part of the complex root 
Dy = O + 4 Bj and A; and B, are constants. 
Indeed, from Euler’s identity 


e* —cosz+isinz 
we have 
CO , eat ibot — Ce (cos Bt + isin B, t) , 
Ong ee Pot = C4, e™ (cos 8, t — isin B,t). 
Hence 
Cy, oP 4 Ong ePeHE = 


= e# [(C, + C41) cos Bt + 4 (Cy, — Cy41) sin f, t]. 


We note that C, and C;,,, are complex-conjugate numbers. Let 
C,y=y+tiq. Then Chi, = p—tg. Therefore C, + C,., = 2p and 
(On, — Cys) = —2@ are real. Denoting them by A; and B, we obtain 
(3.2). | 

The amplitudes A,e* of the terms of (3.2) entering into (3.1) 
tend to zero if all the real parts a, of the complex roots of the charac- 
teristic equation are negative.-The solution of (3.1) grows without limit 
if the real part a, of even one root is positive. 

The zero value of the coordinates is their valuc in the position 
of controlled cquilibrium. If therefore a coordinate tends to zero as 
¢—» co, this means that equilibrium is restored. 

From this it follows that the necessary and sufficient condition for 
the stability of the control process in tts linear approximation (t.e. in the 
case when the process 13 described by a system of linear equations ) is that 
all real roots of the characteristic equation be negative and all complea 
roots have a negative real part. 


apt 
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In the plane of the complex variable p let us draw the points cor- 
responding to all the roots of the characteristic equation (Fig. 104). 
The system is stable if all » points lie to the left of the imaginary axis, 
and is unstable if any one point lies to the right of the imaginary axis. 
We agree to say that the system is on the border of stability when 
any one of the points lie on the imaginary axis (i.e. if the charac- 
teristic equation has any zero root or any one pair of purely imaginary 
roots). 

Thus, in order to estimate the stability, it is not necessary to 
calculate the roots of the characteristic equation. It is necessary only 
to discover whether they all lie to the left of the imaginary axis or not. 


Fie. 104 


Usually two statements of this problem are found. Firstly, we may 
be given certain parameters, and have to find for which values of the 
remaining parameters the system is stable. Secondly, we may consider 
all the parameters to be given, and then determine whether or not 
the system is stable for these parameter values. 

The first problem is solved by constructing the region of stability, 
and the second by using the stability criteria. 


(b) The general concept of the D-partition 
We consider the characteristic equation 
ap’ +a, pri+...t+a@_pta,=0. 


The aggregate of values ad), @,, @---, % may be interpreted 
geometrically as a point in n-dimensional space, with axes for the 
values of the coefficients a), a1, ..- , Qn. : 
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To each point of this space there corresponds a definite value of 
the coefficients @,, 4, ...,@, and consequently, definite values of all 
the roots 01, Bo; --» » Yn Of the characteristic equation. 

Ifin this space there exists a region in which each point corresponds 
to a characteristic equation, all of whose roots lie to the left of the 
imaginary axis in the root plane, then the hypersurface bounding 
this region is called the boundary of the region of stability. 

When there are only two coefficients, this region is bounded by 
a plane, when there are three by a three-dimensional surface and so 
forth. 

Since all the coefficients a, are determined by the values of the 
parameters of the differential equations of the system (time constants 
and amplification coefficients) we may clearly similarly construct 
the space of the parameters T,, 7, ... , ky, k, ... and isolate a region 
of stability within it. 

In practice we try to make it sufficient to construct the region 
of stability on a numerical straight lme (one parameter) or in a plane 
(two parameters). 

Let us consider by way of example a characteristic cquation in 
which all the coefficients apart from two (say a, and a@,) are given. 

Let us suppose that for some definite values of a, and a, in the 
plane of the roots (in the p-plane) the given equation has *& roots 
lying to the left and n—k to the right of the imaginary axis (Fig. 1052). 
It is obvious that there always exists a curve (in general a hyper- 
surface) which, in the plane of a, and a, (in general case in the 
coefficient space) bounds a region (Fig. 105d) in which cach point 
defines a polynomial also having & roots lying to the left and n—i 
roots to the right of the imaginary axis. We denote the region bounded 
by this curve (in the general case, surface) by D (kh, n — kh). Here k 
can be any whole number between 0 and », and in this way, in the 
plane of @, and a, (in the general case in the cocfficient spacc) we can 
find regions D (k, » — k) corresponding to various values of &. Thus, 
for example, if the characteristic cquation is of tho third degree, i. c. 
if m = 3, then in the general case the regions D (0. 3), D (1. 2), D (2. 1) 
and D (3. 0) can be found in the coofficient space. Tho last region is 
in fact also the region of stability in the coofficient space. 

If in this characteristic equation all the coofficients excopt two 
are specific numbers, then tho plane of these two undotermined 
cocfficients may not contain any of the regions mentionod. If, for ex- 
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ample, there exists no region D (3. 0) then this means that for any 
values of these undetermined coefficients and for the given values of 
the remaining coefficients, the equation cannot have three roots with 
a negative real part (to the left of the imaginary axis). 

The partition of the coefficient space of the characteristic equation 
into regions corresponding to the same number of roots lying to the 
left of the imaginary axis is called the D-partition. We note that the 
whole D-partition is realized by one surface (or line in the case of a 
two-dimensional coefficient space), this surface (line) dividing up 


p-plane 


k roots @y,0, plane 


b) 


Fig. 105 


all regions corresponding to the polynomials having k roots to the left 
of the imaginary axis for any number &. 
Let us suppose that & roots of the polynomial 


Ay Pp" + a p™*+...+4, 1.P + a, = 0 


lie to the left of the imaginary axis. Let us vary the values of the coef- 
ficients a continuously. The roots may then cross over to the right- 
hand half-plane, although clearly only by crossing the imaginary 
axis.* Consequently the imaginary axis in the p-plane is the reflection 
of the boundary of the D-partition, and the crossing of the latter in 
the coefficient space is represented by the roots in the root plane 


* A root may also cross from the left-hand to the right-hand half-plane 
(i.e. the sign of its real part may change), when the real part goes off to infinity, 
i.e. when a, -— 0. This case will be considered separately below. 


156 THEORY OF AUTOMATIC CONTROL 


crossing the imaginary axis. This suggests the method for determining 
the D-partition boundary: its equation is found in parametric form 
by replacing p by tw in the given polynomial (where w is a variable). 
From this equation the boundary may be constructed if the value 
of w is varied from — © to + ©. 

We considered above the D-partition in the space of the coeffi- 
cients of the characteristic equation. Of course, in a similar way, we 
can construct the D-partition for the space of any parameters on which 
the coefficients of the characteristic equation depend (for example, 
for the space of the time constants and amplification coefficients). 

The aim of the analysis is to isolate the region of stability, the 
region D (n, 0), but the construction of all the D-partitions often 
proves to be a very simple method for determining the boundary 
of the region of stability. 


(c) The construction of the stability region in the plane 
of one complex parameter 


Let us denote by A the parameter whose value is varied in order 
to guarantee stability. Let us suppose that we may solve the charac- 
teristic equation with respect to A, i.e. reduce it to the form 


_ Q(p) 


AR (p) = 0 A= 
Q (p) + AR (p) or R(p) 


Thus, for example, in the case of the equation 


Ptapta=0 and A=a, 
we obtain 
Up=pr+a,, RKp)l=—p. 


In the case of the equation 


(7, p +1) (%,p+1)+1=0 and A= T, 
we obtain 
Op) =(T,p+1)+1, Rp) =p(T,p +1). 


Only real values of 4 have any practical value. Let us suppose, 
however, for the time being, that 4 is complex, and lot us transform 


-— om 
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the imaginary axis in the plane of the roots (the p-plane) into the 
4-plane (Fig. 106). To do this we put »y = 7 in the equation 


g—-— 2) 
£ (p) 
obtaining 
io) = ~ 3 
td V {e) 


p-plane NN 


q) b) 


Fria. 106 


and we separate real and imaginary parts 


_ _ Y(io) _ ; 
A= Ria) u(w) + w(o). 


Giving w values from — © to -++ co we construct from these 
points a curve which is the transformation of the imaginary axis of 
the p-plane on A-plane, i.e. the boundary of the D-partition in the 
A-plane. This boundary in the given case is symmetrical with respect 
to the real axis, and in order to construct the whole curve it is sufficient 
to construct that half corresponding to 0<w< + © and then to 
add to it its mirror reflection in the real axis. 

If in the root plane we move along the imaginary axis from — co 
to + co (Fig. 107a) then the region where, for stability of the process, 
the roots must be distributed, will always be on the left. 

Proceeding along the boundary curve of the D-partition from the 
point corresponding to a = — ©, to the point corresponding to 
w = + co, we will shade this curve on the left (Fig. 1076). When in 
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the A-plane the boundary of the D-partition is crossed from the shaded 
to the unshaded side, in the root-plane one root crosses the imaginary 
axis, passing from the left-hand half-plane to the right-hand half- 
plane. 

Since only real values of 4 are of practical use, of the whole region 
only the partition of the real axis is important. 

Thus, in order to construct the boundary of the D-partition for 
any one parameter we must: 


(A) 


Dikt2n-k-2) Dik,n-k) Dlk+in-k-I) 


Dik], n-k-I) Dlk+En-k-z) 
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(1) Solve the charactcristic equation with respect to this para- 


Q (p) 


meter, i.e. reduce it to the form 1= ————. 
It (p) 


(2) Perform the substitution » = 7 and scparate realand imaginary 
parts in the expression obtained, 1. e. reduce it to the form 


A = U(@) -- tv(@) . 


(3) Setting out along the wv and v axis their corresponding values, 
construct the curve obtained if w is taken for all values from 0 to + 9, 

(4) Add to this curve its mirror reflection in the w-axis, i.c. its 
‘branch corresponding to — 7° <w< 0. 

(5) Moving along this curve from the point corresponding to 
“ = — co to the point w = + co shade the left-hand side of the curve. 
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If to any point of the /-plane there corresponds a polynomial 
having & roots to the left of the imaginary axis, then the polynomial 
corresponding to any point to which we may pass over without 
crossing the D-partition boundary has the same number of roots to 
the left of the imaginary axis. If in passing to another point the curve 
is crossed from the non-shaded side to the shaded side, then this new 
point represents a polynomial having & -+ 1 roots to the left of the 
imaginary axis if the shading is single, and k + 2 roots if the shading 
is double (points of self-intersection of the curve). 

If a polynomial with & roots to the left of the imaginary axis is 
represented by the point A and if from A we can reach the point B 
by crossing the boundary of the D-partition z, times from the shaded 
side and z, times from the unshaded side,* then B represents a poly- 
nomial having (k + z, — 2,) roots to the left of the imaginary axis. 

Thus, it is sufficient to know the distribution of the roots relative 
to the imaginary axis for any one arbitrary value of A in order to 
determine the distribution for any other value of 2. 

In practice, since we are only interested in real values of A, having 
constructed the D-partition of the A-plane and having determined 
the number of roots corresponding to each region, we have to deter- 
mine which segment of the real axis belongs to the region of stability. 

We give some examples of constructing the D-partition. 


ExamMPLE 1. The characteristic equation is given as 
P+rp+pra=0. 
Solving it for the parameter 4, we obtain 
A= —p?— p*— p. 
Carrying out the substitution p = 2, we find 
A=2703 + w?—two=u+w, 
where 


3. 


uU=w?; v=wi—ao. 


We construct the boundary of the D-partition in the A-plane (Fig. 108.) 
Passing along the curve from the point w = — co tow = + co we shade 
it on the left. 


* Crossing across a point of self-intersection of the curve is here regarded 
as two intersections. 
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It is obvious that the region corresponding to the polynomials which 
have the greatest number of roots to the left of the imaginary axis will be 
the region containing the points of the real axis satisfying the inequality 
O< A< 1. 

In order to verify that this region will be the region of stability, we con- 
sider the border point 4 = 0. 

For 4=0 

Py = 9; 


1 8 
maa sel —Z 


i.e. one root is equal to zero and two lie to the left of the imaginary axis. 


Fre. 108 


Inside the given region the number of roots lying to the left of the imaginary 
axis must be greater by one, since in order to be in this region it is necessary 
to cross the boundary of the D-partition from the unshaded side. Hence poly- 
nomials having all three roots to the left of the imaginary axis correspond to 
this region. 

‘ Only real values of A interest us and these are determined at once by the 
segment of the u-axis lying inside the region .D(3, 0). Thus, the considered system 
is stable only if O<. A< l. 

EXAMPLE 2. Let us consider the characteristic equation 


p+ iptt+pt+l=0. 
Solving it for A, we find 

A= a 
Putting p =%tw we obtain 


sae 
im Pa a Zti(S- w). 


Giving # values from — coto -+ co, we construct the D-partition in the 
A-plane (Fig. 109) and find the region which corresponds to the polynomials 
with the greatest number of roots lying to the left of the imaginary axis. In 
Fig. 109 this region is denoted by the letter R. At no point of the plane not 
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belonging to & can there be the same or a greater number of roots lying to the 
left of the imaginary axis*. 

Let us find the number of roots to the left of the imaginary axis for 
4 = 1. In this case the characteristic equation reduces to the form 


P+pt+p+l=(p+lip+)=0 
and has roots 


Pr = —I; Pars = +1. 


Thus for the point 4 = 1 one root lies to the left of the imaginary axis, 
and two roots lie on it. Passing from the point 4 = 1 to any point of the region 
Ef, we leave the curve on the shaded side, while at the point 4 = 1, the shading 


v 
home _, w=0 
(2.1) k 
[1.2) r (3.0) 
d Re - 
(2.1) 
f 2=t00 Se, 
Fie. 109 


is double (two branches of the D-partition boundary pass through this point)- 
Consequently, the region, & corresponds to the case when all three roots have 
a negative real part, i.e. it is the region of stability. 

ExampLe 3. Let us determine what the time constant of viscous friction 
T, of a controller must be if the motor having positive inherent regulation, 
time constant 7’, = 1 sec and coefficient of amplification, k, = 2 is controlled 
by a static direct action controller with time constant T3 = 0-1 sec and ampli- 
fication coefficiens k, = 20. 

The equations of motion for the motor and controller are 
d’x, 


, da 
—— + 4, = —h, a; T 3 —aa- + Te—G + 2 = he 1. (3.3) 


The characteristic equation has the form** 
(Lp + 1) (2? p? + T,.p+i1)+ kik, = 0. 


* Indeed it is not possible to cross from any point of this region to any 
point not belonging to it without crossing the boundary of.the D-partition from 
the shaded side to the unshaded side.. 

** See Chapter I. 
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After substituting the given values of T,, 75, &, and 4, we obtain: 


(p+ 1) (0-0lp?+7,p+1)+40=0. 


RAE?) 
An 
COR 

Te 


“30-4 
itt Lele 

edt Br 
-st HAY 
Meeece an 
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Solving the last equation with respect to 7',, we find 


T,=— 0-01 p? + 0-01 p? + p+ 4] 
a p+p 

Substituting iw for yp, multiplying numerator and denominator by (—iw — w?), 

opening the brackets in the numerator and denominator, and collecting like 


terms we find 
0-01 2@5 — 0-99 tw? —- 41 tw — 40 w? 


Dy =~ ot 


The construction of the D-curve from these points is shown in, Fig. 110. 

A system of direct control can always be made stable by the choice of 
T,, and hence the 7',-plane must necessarily contain a stable region. 

Let us suppose that for 7, = 0-1 the equation (3.3) has r roots with 
a negative real part. Then the number of such roots for any other value of 
T, (Fig. 110) is determined at once. Since we know beforehand that there exists 
@ region, of stability in the 7,-plane, then it can only be a region having the 
greatest mark, i. e. the region with a mark r+ 2. 

Thus, the considered system is stable for any 7', = 0-3. 
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(d) The construction of the region of stability in the plane 
of two real parameters (the Vishnegradskit diagram ) 

A Vishnegradskii diagram is taken to mean the plane of any two 
real parameters of a system in which the lines separating the region 
of stability are plotted. The Vishnegradskii diagram may thus be ob- 
tained by constructing the D-partition of the plane of the two real 
parameters, i.e. the plane section of the D-partition of the parameter 
space. 

Let us suppose that the coafficients of the characteristic equation 
of the system 

Ay p” + a, pp” + a, pr-* +...+4,,p +2, =0 


depend on two parameters* uw nad 7, and let us restrict ourselves to 
the case when these parameters enter into the equation linearly, so 
that this equation can be reduced to the form 


uUS(p) + 1 Q(p) + Rp) = 0. 


For example, the equation 


(up+1)(5p+1)+37=0 


can be reduced to the form 


udp? + p) + 38n + (5p +1) = 0. 


In this case 


5 (p) = 5 p* + p 
Q(p) = 3 
R(p)=5p+1 


Putting, further, p = 7 » and separating real and imaginary parts, 
we obtain 


US (tw) + 7Q (tw) + B (tw) = u (w) + w (a) 
In the general case both functions u(w) and v(w@) depend not only 


on w, but also on the two parameters uw and 7. In order to construct 
the boundary of the D-partition it is necessary to determine mu and 7 


* These parameters may be, in particular, simply two coefficients of the 
considered equation. 
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for each w, by solving simultaneously the two equations 
ao) =0, 
vio) = 0. 


If in each of them we separate the terms containing uw and y, 
then we obtain a‘system of two equations with two unknowns: 


u(w) = Sy (@) + 4G, (@) + #, (o) = 0, 
vo) = 4S, (@) + 7 Q,(@) + By (o) = 0. 


Solving this system of two linear algebratic equations with 
respect to uw and 7 for each value to w we obtain: 


—F Gh| 
yale Gl _ HAG t he. 
| 8,9, 8, Q. — 8241 
8, Qs 
B, — fy 
p= Sa — Pal = S:Ba tS By 
8, Q, 8,9. — 829) 
DB, Qs 


The equations u(w) = 0 and v(w) = 0 determine one value of u 
and one value of 7 for each w only when these equations are simul- 
taneous and independent. If for some value of w the numerator and 
denominator become zero, then for this value of w one of the equations 
u(w) = 0 or v(w) = 0 is a consequence of the other, and for this value 
of w we obtain not a point but a straight line in the yw, 7-plane. In this 
case, either of the equations u(w) = 0 or v(w) = 0 is the equation of 
this straight line when this value of w is substituted. 

If the coefficient of the highest term of the characteristic equation 
depends on the parameters u and 7, then, by equating this coefficient 
to zero we obtain the equation of another straight line corresponding 
to w = oo. These straight lines are called singular. 

In order to shade the boundary of the D-partition we must move 
along the boundary in the direction of w increasing, and shade it on 
the left edge at those points for which 4 > 0 and on the right edge 
81, 


. Usually the curve 
S 2 a, 


for those points for which 4 < 0 where 4 = 
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is traversed twice: once when w goes from — oo to 0, and once when 
it changes from 0 to ©, but it is shaded both times on the same side, 
since usually the sign of 4 changes for w = 0 or wm = o9.* Singular 
lines pass through these points most frequently. They are shaded in 
this case as 1s shown in Fig. 111. Near the point of intersection of the 
curve and the straight line their shaded sides must be directed towards 
one another. 


Fie. lll Fie. 112 


There are rare exceptions when these singular lines must not be 
shaded (see Example 1). If A becomes zero (which is rare) for w # co 
or w # 0 and the sign of 4 does not change, then these straight lines 
are not shaded and can generally be removed from the construction. 
If the sign of A does change, then the lines are shaded as in Fig. 112. 

Finally, if 4 = 0, then the singular lines alone are the boundary 
of the D-partition. 

Figure 113 gives examples of the shading of the D-partition curve 
and of the singular lines. 


EXAMPLE 1. Given the characteristic equation 
Prep +rnp+l=0, 


*In constructing the boundary of the D-partition the following rules 
must be observed: 

(a) first write down the equation u(w) = 0, and then o(w) = 0; 

(b) if uw is the first variable in these equations and 7 the second, then in 
constructing the curve the system of coordinates (4, 7) must be right-handed 


166 THEORY OF AUTOMATIC CONTROL 


Fie. 113 
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We construct the D-partition by writing it in the form 


up?--np-~ (p?>+1)=0 
and putting 


p = 10). 
Then, 
—pw?+yto+rl—iat=0 
or 
—por- + 1+ (now — wo) = 0, 
whence 


u(w) = w(—w?) + 7 *O+1=0, 
vo) = w-0+ no— wo = 0. 


The determinant of this system 


| —wO| | 93 

| Of | 
is equal to zero only when w = 0. 

For any w +0 
i 
b= De? and = w? > 
therefore 
ws 
Mu n 


The boundary of the D-partition is a rectangular hyperbola (Fig. 114). 

The point w = 0 lies at infinity on the u-axis, and the points w = -+ oo 
and — co lie at infinity on the 7-axis. The determinant changes sign at the point 
« = 0. The hyperbola therefore has double shading, shown in Fig. 114. 


Fie. 114 
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The value m = 0 determines two singular straight lines: w= oo and 
7 == 0. Only the line 7 = 0 will be of value, since the line uw = co does not 
divide a region in the finite part of the plane. 

In the given case we need not shade the line 1 = 0. This is clear from the 
fact that to a point of this line u = 7 = 0, there corresponds an equation hav- 
ing one root to the left of the imaginary axis and two roots to the right, and no 
zero root. When the boundary of the D-partition with double shading is crossed, 
this corresponds to a change of sign in the real parts of the two roots. Hence 
the region A corresponds to all three roots lying to the left of the imaginary 
axis, i.e. is the region, of stability. 

ExAaMPLE 2. Let us find what parameters (time constants and coefficients 
of amplification) of single-capacitance objects can be stably controlled by a 
static direct action controller having a time constant equal to 0:45 sec, a damp- 
ing time constant equal to 5 sec and coefficient of amplification equal to 25. 

We consider the equations of direct control 


Ty 


+2 = —k,2x,, | 

(3.4) 

d? x, 
de 


where 2x, is the coordinate of the object, and z, the coordinate of the control- 
ler, 7’, and 4, the time constant and coefficient of amplification of the object, 
T, and k, the time constant and coefficient of amplification of the controller, 
and 7’, is its damping time constant. 
We may now formulate the given problems as follows: given the values 
Ts, = 0-45; 7, == 5; k, = 25; to find the region of stability in the T,, k, plane 
For equation (3.4) the characteristic equation can be written 


(Tip tl(Tet+l, p+ l)+h&k, = 0 
or, with the given values of 73, T,, and k, 


(7, p + 1) (0-2 p? + op + 1) + 25k, = 0, 


Ste 


Te 2 + Dy Ptah, | 


or 


O2u 73+ 5up?+ uptow+sp+1+257=0, (3.5) 


where uw = 7, and n = &y. 
Proceeding to the construction of the D-partition of the equation (3.5), 
for the parameters mw and 7, we substitute 7 for p: 


—0-2 410% — 5uo? + wiw—0-22?+ 5iw +1+ 257 =0. 


Separating real and imaginary parts and equating them separately to zero, 
we obtain 
— 5uw? + 25n + (1 — 0-20") = 0, 
uo (1 — 0-2@?) + 7:0 + 5a = 0. 
In the given case 
§,(@)= — 507; S,(w) =w(1—0-207);  Q,(w) = 25; 
Q2(w)=0; R, (w) = 1 — 0-20? ;sx R, (w) = 5a ; 


THE STABILITY OF THE LINEAR MODEL 162 


| Si(@) Q)(@)) Sw? 25 | 
A= L 1 1 |! _. 2%, — N\.9en2) » 
| S_(@) Qs()i ~.@ (1 — 0-2m?) u|> 25 (1 — 0-2?) ; 
|— By (@) Q,(@)| __ | —(1—0-202) 25 
4,= 1 1 _— 
1 | ~ By (ow) Q.(w) | , — 5a | = 1250 
A= |S) — Ryo) | — Bot — (1-020) | 
° |S (0) — R,(w)} — ;@ (L — 0-20) — 5M Lo 
= 25w* + w (1 — 0-2w?)?. 
Hence 
wa tto_b _ nw 42 250° + (1 — 0-207)? 
A Il— 0-207? 7] 25(1— 0-207) 
P yhomee 
0 og /Ao= 2.236 
p-T 10 we p 
-20 -I0 } 
FY 09 0 w yi 
° wy ~10 
P r-2 0-4 rl 


Misa 2.086 


Fie. 115 Fie. 116 


Giving w various values from 0 to co we draw the curve shown in Fig- 
115 through these points. 

We note that 4 becomes zero for w = 0 and for w = |/5 A 2-236 but for 
@ = 5 neither A, nor 4, becomes zero. For 0< w < 2-236 the determinant 
A< 0, and for w > 2:236 A > 0. 

Moving along the curve from the point w = 0 to the point w = 2-236, 
we shade it doubly (Fig. 116) on the right (since A < 0) and later, for w > 2-236, 
on, the left (since A > 0). 

In the given case there are two singular straight lines: one of them cor- 
responds to w = 0, the other to w =o, since in this case the coefficient of 
the highest order term of the characteristic equation contains wu. 
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Equating to zero the free term of the equation, we find 257 = —1 or 
n = —0-04. Hence, the line 7 = —0-04"* is the first singular line corresponding 
to w = 0. 


Finally, equating the coefficient of p? in equation (3.5) to zero, we find 
the equation of the second line: uw = 0. 

Hence, the n-axis is the second singular line. 

In Fig. 116 we show these lines are shaded according to the above rules. 

Let the point 7 = 10, w = 20 represent an equation having 7 negative 
roots. Figure 116 shows the marking of all the regions for this case. 

It is obvious that the plane contains a region of stability, since there are 
always objects which the given controller can stably control, whatever the values 
of the parameters 7?, T , and k,, provided that they are all different from zero. 

The region (7) has the greatest mark in Fig. 116, and it is therefore the 
required region of stability. 

We may test the correctness of this reasoning by putting 7 = —0-04; 
u = 1. Then the equation (3.5) becomes 


0-2p? + 5:2p? + 69 = 0 
and has roots 
— 5. 22 ; 
2p, =0; Poy =- 5-2 + 1527 4.6.0-2 

Of these three roots, two are situated to the left of the imaginary axis, 
and one on it. The point 7 = —0-04; w = 1 lies on the singular line and crossing 
to the region (7) leaves the singular line on the shaded side. 

Hence the regions (r) correspond to equations with all three roots lying 
to the left of the imaginary axis. 

In order to find out the value of r, we can proceed as follows: in (3.5) 
let us put uw = 0; 7 = 0-2. Then (3.5) reduces to the quadratic equation 


0-297? = 59 +6=0. 
Both of its roots are negative. 
The point « = 0, 7 = 0-2 lies on the singular line « = 0, corresponding 
to @ = co. When we leave this line on the shaded side the number of roots 
with a negative real part is increased by one and therefore r = 3. 


(e) Criteria for stability. Necessary condition for stability. 
For stability it 1s necessary that all the coefficients 
in the characteristic equation have the same sign 
From Bézout’s theorem, any equation can be factorized into 
factors of the form (p — p,) where p; are the roots: 
Gy P” Gy PPE Poe + Oy = Ay (P — Py) (DP — By). ++ (P — Pn). 


*In Fig. 116 the line 7 = 0-04 is combined with the line 7 = 0. Tho 
left branch of the curve in, the first quadrant is now drawn to scale. 
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But if the real parts of all the roots lie to the left of the imaginary 
axis, then each bracket contains a positive term.* Hence aj, a,, ..., Gn 
have the same sign. 

The A. V. Mikhailov criterion. Let us turn to the characteristic 
equation 


D (p) == Qy P" + Gy, PP +. + A, P+ a, = 0. (3.6) 


Let us introduce the parameter 2 and consider the more general 
class of equations 
Dp)=4, 


of which equation (3.6) most frequently occurs (where A = 0). 

Let us put » = 2m in equation (3.6) and construct the D-partition 
for the parameter 1 (Fig. 117). 

The only possible region of stability is the region A, shaded in 
Fig. 117a. If the point 4 = 0 lies inside this region and the latter is 
the region of stability, then all roots of the equation lie to the left of the 
imaginary axis and the system is stable. 

We can prove a rule which enables us to establish whether the 
region A is the region of stability, without having recourse to shading 
the curve. 

Let us consider the case 1 = 0, i.e. the equation (3.6). Let the 
degree of this equation be equal to n and let 9,, p, ..- , Pn — be its 
roots. Then 


D(p) = 4 (p — Py) (BP — Pe) --- (P — Pn) - 
Putting 2 in place of p: 


D(iw) = ay (te — p,) (to — py) .-- (t@ — Dr) - 


* For the real root p, = — |p,| this is obvious: 
(Pp — Py) = (p + | P| )- 
In the case of a pair of complex conjugate roots we have: 
(P — Px) (P — Pers) = [P — (ay + 1B, [9 — (Ae — 28;)] = 
= p* — 2a, p + (ak + Bk) » 


and if a,< 0, then a, = — || and 
(D — Dy) (P — Derr) =P? + 2| ay |p + (ae + Bi). 
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If, in the p-plane, we mark the point p,, then the difference 
iw — p, corresponds to the vector joining the point p, to the point iw 
on the imaginary axis (Fig. 117b). Let us go from w = — © to 
a = + co, In the case when p; lies to the left of the imaginary axis, 
the argument of this vector (iw — p,), will be increased by x (Fig. 
117c). Therefore, if all the roots p,, M, .-+ , Qn lie to the left of the 
imaginary axis, then when w changes from — oo to + co the argument 
of the vector D (i w) (sometimes called the characteristic vector), in- 
creases by xn, which represents the sum of the increments in the 
arguments of all » vectors to — py. And if r roots lie to the right of 


Fie. 117 


the imaginary axis, and n — r roots to the left of it, then the tota 
increment in the argument is equal to {(n —r) — r} I. 

Let us restrict the change in w from 0 to + oo. Then the change 
in the argument of the characteristic vector D(iw) will be half as 
great as it 3s when w changes from — oo to + o9, and will be equal tol 


n— when the system is stable. We note that as w increases the argu- 


ment of all the vectors (tw — p,) for which p, lies to the left of the 
imaginary axis and, of course, the argument of the vector D(iw) of 
the stable system, grows monotonically. 

Thus, the region A will be the region of stability if, when for 
wo = 0 we start on the real axis to the right of the coordinate 
origin, and for w increasing to + co the boundary of the D-partition 
for the given A passes through 7 quadrants (where 7 is the degree of 
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the given characteristic equation) in such a way that the radius 
vector always rotates in an anti-clockwise direction. 

Let us consider now the left-hand side of any characteristic 
equation D(p). Let us replace p by 2 w and separate real and imaginary 
parts: 

D(i w) = u(w) + iv(o). 


Let us put u(w) along the x-axis, and v(w) along the y-axis. Then, 
calculating the quantities u and v for values of w, we find points in 
this plane. Letting w go from zero to infinity, we can trace a curve in 
this plane, the hodograph of the characteristic equation of the system. 
The radius vector drawn from the origin of coordinates to this point, 
as we have already shown, is sometimes called the characteristic 
vector of the system. The argument of this vector will be, as usual, 
equal to the angle between the positive direction of the u-axis and 
the radius-vector, reckoned anticlockwise. 

We may then formulate the following criterion for stability 
(the A. V. Mikhailov criterion). 

In order that a system be stable, it 1s necessary and sufficient that 
the modulus of the characteristic vector be different from zero for any 
wo(0< w< ©) and that the argument of this vector be equal to zero for 
wo = 0, and, further, that as w increases monotonically from 0 to + ©, 


rt 
it should increase monotonically from 0 to 3” where n 1s the degree 


of characteristic equation. 

In other words, the hodograph of the characteristic equation of 
a stable system may only be drawn in the following way: beginning for 
© = 0 on the semi-axis u+, it must then encompass the origin of co- 
ordinates and subsequently intersect the semi-axes yt, u-, v-, ut, 
v+, w- and so on, until it has traversed » quadrants. In the nth 
quadrant the hodograph goes off to infinity. 

The hodograph is like this only when 


dw 
— 0 
Fra 


and when the zeroes of the function v(w) alternate with the zeroes of the 
function u(w) (Fig. 118). 
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If the hodograph of the characteristic equation is different in any 
‘way, for example if it crosses the same semi-axis twice in succession, 
then the system will be unstable. 

The Routh—Hurwitz criterion. We consider below several dif- 
ferent formulations of this criterion. Not differing from each other in 
principle, they differ in form and each of them has its most appropriate 
uses. 

Let'us put p = iw in the characteristic equation D(p) = 0 of the 
system, and separate real and imaginary parts: 


D(tw) = u(w) + tv(@) . 


Fig. 118 


We recall that in a stable system the real roots of the equations 
a(w) = 0 and v(m) = 0 alternate (Fig. 118). 

On the D-partition boundary u(w)=0 and v(w)=0 simul- 
taneously. The condition for this is that a determinant of the nth order, 
called the highest Hurwitz determinant, shall be equal to zero. It is 
formed according to the scheme: 


a, a3 As a, ... 0 
Ay Ap Ag Ag... O 
O a, ay az... 0 
0 Ay a & ... O 
A,=|9 0 % 4 - 9 | Lo, 
0 0 G& a... 0 
0 0 0 a ... 0 
0 0 0 a@... 0 


Ol 
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where the a; are the coefficients in the characteristic equation: 
D(p) = ay p" + ap? 4 + agp 2+... 4G. 


The equation 4, = 0 determines a surface in the coefficient space 
which includes the boundary of the D-partition. 

The region of stability 1s found from the condition that the deter- 
minant A, riself and all its diagonal minors 


shall be positive. 

It has been shown that when all the coefficients of the character- 
istic equation are positive (a, > 0, a,> 0,.-.,a@, > 0) from the fact 
that all the determinants 4,, 43;, 4; with odd indices are positive, it 
follows that the determinants 4,, 4,, A;, ... with even indices are 
also positive, and vice versa. Hence when the necessary conditions 
for stability are fulfilled, ie. a, > 0, a, > 0,...,Qn> 0, the neces- 
sary and sufficient conditions for stability may be formulated as 
follows: 

In order that all roots of the characteristic equation 


ap tap’ i+...ta,=0 
with positive coefficients (a,> 0, a,> 0,..., a> 0) shall have 
negative real parts, it is necessary and sufficient that among the deter- 
minants 


7 


all determinants with even (or all determinants with odd) indices shall be 
positive. 
Let us consider for example the system whose characteristic 
equation is 
Oy p> +a, p? + d,p+a3= 0. 


The stability condition, according to Hurwitz’s criterion, will be 
that the inequalities. 
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shall be satisfied, or, after expansion of the determinants A, = 
= Ad, — AoA, > 0 and 4, = a, A, > 0. 

If all the coefficients a,, a,, a, and a, are positive, then we require 
only that 


The evaluation of the determinants 4,, 4,,..., 4, by means of 
decomposing them according to the elements of any column or row 
is usually tedious. This is why it is convenient not to compute these 
determinants, but to bring the determinant 4, to diagonal form. 

From the theory of determinants we know that if we subtract 
from all the elements of any row of the determinant a multiple of the 
elements of any other row, then neither the value of the determinant, 
nor that of its diagonal minors, will be changed. 

Let us consider the last but one Hurwitz determinant* A,_,: 


Gy Ag As U7 Ag Gy, A713 5 --- 
Ay Az Aq Ag Ag Ayo Ayn Ayg-s- 
A, Az As Ay Ag Ay, Ayg-- 


> ie on a on a on I a> Ean) 
om) 
R 
fa ] 
a 
bo 
Q 
o~ 
Q 
oO 
Q 
GO 
R 
bi 
fon] 


All the other Hurwitz determinants are the diagonal minors of 
An—1- 
Let us form the ratio of the first elements of the first two rows: 


We subtract from all the elements of the second row the cor- 


responding elements of the first row, first multiplied by 4, = 7 ; 
1 


* Due to the fact that In = A dn, and a, > 0, the inequality 4,_, > 0 
implies 4, > 0. 
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As a result the second row is replaced by the row 


OG, Gy GgAg..., 


where 


and so on. 

In an exactly similar way, the fourth, sixth, eighth, etc. rows may 
be transformed, no new calculations being required since in 4,_, each 
subsequent pair of rows repeats the first and second rows, displaced 
by one column. We may thus immediately replace a, by 0, a, by a2, a, 
by @, and so on, everywhere. 


As a result we arrive at the determinant 


We now subtract from each element of the third row of this 
determinant the element of the second rowlying aboveit, first multiplied 


by 4, = fu , i. e. we replace the third row 0 a, a, @;,4,4,; 4,3... by 
Ae 
the row 


—_ — a? — = 


where 
a. = a, - 
dz = Ag — —~ M, Ag = As — — Ue 
a, de 
and so on. 
Just as before we repeat this substitution in the fifth, seventh, 
ninth, rows, etc., i.e. in the third row and in all lower rows we replace 
a, by 0, a, by 43, a; by 4, and so on. 
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As a result of this transformation we obtain the determinant: 


A, As As Ay Ag Azz Ay3 ois 
O Gd, Gy Ag Ag Mo Mp yg oes | 
0 0 @, Gs Gy Ay Ay, Azz... | 
0 0 G, dy dg Gy yy dy --- | 
0 0 O Gs G Ay Gy Ay... |. 
0 0 0 Gy, Ay a fe 
| ° 0 0 Gs As Gy Ay Ay... 

(0 0 0 O & dy G Gy ... | 


Continuing the process, we are left with a determinant of the same 
order: 


in which all the elements lying to the left of the principal diagonal are 
zero and the elements of the main diagonal are 


Q1; Qo, Ag, Ay, eee 


The value of this determinant is equal to the product of its dia- 

gonal elements 

6 n—1 == Ay. Gig Bg. Gigs ses; 
and any diagonal minor of the kth order is equal to the product of the 
k diagonal elements of this minor. 

The determinant 6,., and its diagonal minors coincide respect- 
ively with the Hurwitz determinant 4,_, and its diagonal minors, 
since the transformation from the determinant 4,_, to 6,_, changes 
neither the value of the determinant nor the value of any of its diagonal 
minors. 

Thus 

A, = 4, 
A, = A, .p, 
Ag = Ay. ay .Gg 


and so on, and the Hurwitz condition 4,> 0, 4,> 0, 4,> 0,... 
reduces to the condition a, > 0, d,> 0, a@,> 0. 


Land 
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Therefore the Routh—Hurwitz criterion may be formulated as 
follows: 

We form the determinant* A,_, and using transformations which 
alter neither value of the determinant nor the value of its diagonal minors, 
we reduce it to diagonal form. In order that the system shall be stable it is 
necessary and sufficient that all the elements situated on the main diagonal 
of this determinant shall be positive. 

We note that when using the Routh—Hurwitz criterion it is 
important only to know the sign of the determinant and of its diagonal 
minors, and not their value. And the sign of the determinant is not 
altered if we multiply all elements of any row or column by an arbit- 
rary positive number Jf. We can use this in order to reduce all the 
elements of a row or column by a common multiple. 

We may arrive at the determinant 6,,_, in another way. From the 
coefficients of the characteristic equation 


Ay p> +a, pr t+... +O,1p +a, = 0 (3.6) 


we construct the Routh table: 


No. of No of column 
row 1 | 2 {3 | 4 | 5 
1 | Ay Ay | a, Qe | 
2 | ay ag a; a 
3 G31 Azo A233 O34 
4 Bgy Ago A453 
5 sy As 
| 
where 
_ Ay Ay — Ay Ag a. = 31 Ag —- Ay Ago a. = Ag Igo-—Ag1 Ugo 
a3, = _ > 4, = OO, 5 
Qy Ag, Ag) 
_ Ay Ay — Ay Os a, ee 2s 1s og A41 Ig3— 43143 
a3, = > e722? = » A9 = 
ay A314 Ag, 
ae, ez 2 9% 81 8 
33 — ) 48 or" 
Ay A331 
a. = A, Ag — Ay Ay 
34 
Qy 


* It is assumed that the necessary condition of stability, i.e. that all the 
coefficients including a, are positive, is satisfied. 
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The elements of the first row are all the coefficients with even 
indices, and the elements of the second row those with odd indices. 
The elements of the third row are obtained by the cross-product of 
the elements of the first two rows, subsequently divided by the first 
element of the previous row. The elements of each subsequent row 
are formed in the same way from the two preceding rows. Then the 
Routh— Hurwitz criterion may be formulated as follows: 

In order that the real part of all roots of the equation (3.6) shall be 
negative, it is necessary and sufficient that all the elements in the first 
column of the above table, 2.. 


Qy 
Ay 
Ay Qo — Qy Qs 
a, = 
ay 
41 


Ae) 


shall be different from zero and of the same sign. 

If a, is negative, then it can always be made positive, by mul- 
tiplying both sides of (3.6) by —1. Therefore with a, > 0 the system 
is stable if all the elements of the first column of the table are positive. 

The formation of the Routh table can be stopped as soon as the 
iirst element of any row turns out to be negative or equal to zero. 

Numerical Hxample. Let us find out whether the system with 
characteristic equation 


pt + 8p? + 1l8p2? + l6p +5=0. 
is stable or not. We construct the Routh table: 


No. of _ No. of column 
row l | 2 3 
1 | 1 18 5 
2 8 16 0 
8-18 — 1-16 8.5—1.0 _. 8.0—1.0 | 
3 ge 8 — 3 =P 3 =9 
16.16 — 8.5 16.0 — 8.0 
5 13-5 — 16.0 _ 13°5.5—16.0_ 5 0 


13:5 13-5 
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The elements of the first column are equal to 1, 8, 16, 13.5 and 5; 
they are all positive, and hence the system is stable. 

We notice at once that the operations which it is necessary to 
perform on the coefficients a in order to form the Routh table are 
exactly the same as those which it is necessary to perform on these 
coefficients when transforming the Hurwitz determinant to diagonal 
form. 

It is sometimes convenient to perform these operations without 
constructing tables. It will be shown later that the given equation 


ap’ +a,prt+...+a,=0 
may be transformed to the equation 


a 
0 
Qo SS a, 
1 


tap +(a— a, pr eti.t... =0. 


1 


p+ a pe + ay — “a pe + 
ay 


and that the (x — 1) roots of this new equation are in the same situ- 
ation, with respect to the imaginary axis, as are (7 — 1) of the roots 
of the original equation; the remaining root of the original equation 
being removed to either + oo. 

We write this new equation as 


where 
m=n—]l 

and 

Qh = a,, 

- Ay 

Qo ——— Qs; 

- Ay 

a3 = Aa, — — a; 

Ay 


and so on. We again apply the same transformation to (3.8) 


1 


= 0 -_ 
dy ~~ ay 
a 
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i.e. we proceed to the equation 


aprt+a,pi+...=0, (3.9) 
where 
r=m—l=n—2 
and 
= - = = ay = 
Ay = A, A, = 4g —-— a3 
ay 
and so on. 


Continuing in this way to successively lower the degree of the 
characteristic equation, we finally arrive at an equation of zero degree. 
The stability criterion may now be stated. 

If all the ratios 


are positive, then the roots of the characteristic equation lte to the left of 
the imaginary axis and the system is stable. 
But if all the coetficrents of the characteristic equation are peers, 


then — —>0; therefore — —>0, ifd, > 0, since d = a,; further —2 os 
1 _ & ay 
>0if a, > 0 since a, = a,, and so on. 
Thus the conditions for stability reduce to the form 


EXAMPLE. Let us apply this sequence of operations to the equation 
p® + 6p> + 21lp* + 44p3 + 62p? + 52p + 24= 0. 
This leads to the equation, 
6p + (21 — = 44) pt + 44p3 + (62 — 552) 2 + 529+ 24=0 


or 
6p? + 1367p! + 4473 + 53-34p2 + 52p + 24 = 0. 


By the same method we obtain 
6 5 
4 ~— 3 —_ ————~ = 
13.674 + (44 say 83: 34) p? p+ 58.34p2 + (52 —_ x24) p+24=0 
or 
13-67p4 +- 20-63 + 53-34p? + 41-45p + 24 = 0. 
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Once again decreasing the degree of the equation we have 


13-67 
20-6 


20-6 3 + (53-34 = x 41-45} pe + 41:45 p+ 24=0 


or 
20-69% + 25-99? + 41-459 +24= 0. 


Using the same transformation 


25-9 p? + (41-45 - ae p+24=0 


or 
25-9p? + 22-259 + 24= 0. 


The system is stable, since 


1 6 13-67 20-6 


7°? TET 79° B96 79 5G 7% 


and the quadratic equation we have obtained has roots with a negative real 
part, since all its coefficients are positive. 


We see at once that this sequence of operations on the coefficients 
is the same as that performed in constructing the Routh table or in 
reducing the Hurwitz determinant to diagonal form. 


Let us proceed to a proof of the Routh—Hurwitz criterion. 

We described above both the reduction, which successively lowers the 
degree of the characteristic equation, and the criterion of Routh—Hurwitz, 
which is equivalent to it in the sense that when using the reduction and when 
using the Routh—Hurwitz criterion in its usual form the same operations must 
be carried out on the coefficients of the characteristic equation. Therefore in 
order to prove the Routh—Hurwitz criterion it is sufficient to prove this 
reduction. 

The essence of the proof consists in the following. 

The use of the reduction lowers the degree of the characteristic equation 
by one. It is proved (see below) that as a result of this reduction the arrangement 
of the roots relative to the imaginary axis is not changed, but one of the roots 
is taken to oo without crossing the imaginary axis in the root plane. 

By repeating the reduction 7 times in sequence all the roots are taken to 
infinity. If they are taken to —co, i.e. if they move in the left-hand half- 
plane, then all roots of the initial characteristic equation also lay in the left- 


hand half-plane. It is proved that the condition that all a > 0 ensures that 
1 


all the roots are sent to —oo. 
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t 
We prove the reduction for even n. For odd 7 it is proved similarly. 
Let S(p) be a polynomial in p with real coefficients and let S(iw) = 
= u(w) + iv(w). We show first of all that as a result of using the reduction the 
polynomial S(p) is transformed to the polynomial S,(p) such that 


S(t w) = [u(w) + rw vo(@)] + (0) , (3.10) 
where 
yp = 0 
ay 
Let 
S(p) =a) p" + a, p" * +... + ay. (3.11) 
Then, for even, 12 
u(w) = ya, 0" —~ yao 7 +..., (3.12) 
v(@) = — ya,w* * + ya, wo" F—..., (3.13) 


where y = +lif nm = 4,8,12,..., and »y =—lifn=2,6,10,... 
Hence 
u(w) + rev (w) = yw" (ay — ra,) — yw"? (ag — ra,) +... 
But (3.14) 
S(p) = (4) — ra;) p" + a, p"~* + (a, — ray) p"* +... 
Therefore Re S,(tw) is determined by the equation (3.14), and Im S,(iw) 
by (3.13). 
Hence (3.10) is proved. 
We now construct the D-partition of S,(p) for the parameter r. To do this 
we solve S,(iw) = 0 with respect to 7, 


The point r= 0, corresponds to the initial polynomial S(p) and the point 
r= <2 to the polynomial S,(p) obtained after reduction. 


1 

We consider now the shape of the D-partition boundary for r. We note 
first of all that it intersects the real axis only for w = oo, and for any 0 < a< 
< + o9 it lies beneath it. For w = oo we obtain 


For w = 0 we have r = —oo. 
The sign of the imaginary part of r is always the reverse of the sign of w. 


Thus the D-partition boundary for = > 0 is as in Fig. 119a, and for —. < 
<0 as in Fig. 1190. ; * 
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In the first case (Fig. 119a), going from the point r = “2 corresponding 


1 

to the equation 8,(p) =0 to the point r=0, corresponding to the initial equation 
S(p) =0 we move one root over to the left of the imaginary axis, since we leave 
the D-curve on the shaded side. The polynomial S(p) for r = 0 has one root more 

to the left of the imaginary axis than for r = <a . 

I 

In the case of Fig. 1195 on the contrary, when going from r= <2 
1 


to » = 0 the number or roots lying to the right of the imaginary axis is in- 
creased by one. 


Fie. 119 


Thus, for even 7, the root tends to oo on the left of the imaginary axis, 
if 2 >0. 

1 

Hence, the above reduction transforms any equation of the mth degree 
to another equation S,(p) = 0 of degree »— 1. m— 1 roots of the original 


equation are, in relation to the imaginary axis, just the same as all m— l 
roots of the equation S,(p), and the last, mth, root lies to the left of the imaginary 


axis, since in the reduction with — > 0, it is taken to —co. 
1 


2. An Estimate of the Stability of a System from 
the Frequency Characteristics 


(a) The first amplitude-phase criterion of stability 


Let the system have the characteristic eugation 


D(p) + K(p) = 0. (3.15) 
Let us consider the more general equation 
Dp) — 12 K(p) = 0, (3.15) 


where A is complex. 
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Obviously (3.15) can be obtained from (3.16) by putting A = —1. 

We find the region of stability for (3.16) for the parameter 4 by 
constructing the D-partition in the /-plane. 

We solve the equation (3.16) with respect to 4, and obtain 


, — P(e) 
K (p) 


Then we put » =20, so that 


_ D (to) 


A= 
K (iw) 


=u(w) + 7tv(o). 


Fie. 120 


Putting in w(@) and z(w) values of w from — - to + co we con- 
struct the boundary of the D-partition (Fig. 120). 

The amplitude-phase characteristic of the first kind, with the 
addition of its mirror reflection in the real axis, is the boundary of the 
D-partition. If such a characteristic is given as the initial material 
for the calculation (See Chapter II) there is no need, therefore, to 
construct the boundary of the D-partition. 

By shading, we determine the region which corresponds to the 
polynomials having the greatest number of roots to the left of the 
imaginary axis (this is done in Fig. .120). 
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To determine the conditions under which this region corresponds 
to the region of stability, let us take the boundary point 4 = 0 which 
corresponds to the equation 


Dip) =0. (3.17) 


Then, in the /-plane (Fig. 120) equation (3.17) corresponds to the 
point 2 = 0, and this is the characteristic for an open system, while 
(3.15), which is the characteristic for a closed system, corresponds to 
the point A= —1. 

If the open system is stable the point 4 = 0 belongs to the region 
of stability in the 4-plane. The given closed system is stable if the 
point A = —1 belongs to this region; thus, for a system which is stable 


} 
i 


Fig. 121 


in the open state, we may formulate the following criterion for stabi- 
lity: 

In order that a system which is stable in the open state be stable also 
in the closed state, it 1s necessary and sufficient that the amplitude-phase 
characteristic of the first kind does not intersect the segment of the real 
axis between 0 and —I or else intersects this segment from above down- 
wards (“‘descent’’) and from below upwards (“‘ascent”’ ) the same number 
of times (Fig. 121). 

This criterion may be generalized to cover the case when the 
equation 

D(p) = 0 


has 2r + « roots (where r = 0, 1, 2,..., and ¢ = 1 if the number of 
roots is odd and 0 if it is even) situated to the right of the imaginary 
axis or on it, assuming that there are no repeated roots on the axis. 
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We will move along the real axis in the /-plane from the point 
A = 0 to the point 4 = —1. The number of roots to the left of the 
imaginary axis increases by two when we ‘‘ascend’’, corresponding to 
w >> 0, and decreases by two when we ‘“‘descend’’*. 


Vv 
u 
a 
Vv 
U 
6 
Fig. 122 


Similarly, an ‘‘ascent’”’ for w = 0 in the segment —1 <u <0 
enables us to transfer one root to the left. 
In order that the system with the characteristic equation 


Dp) + K(p) = 0, 


shall be stable when the total number of roots of the equation D(p) = 0 
lying to the right of the imaginary axis and on it (but with no repeated 
points on it) is equal to 2r + e (where r is any whole positive nwmber 

* The number of roots to the left of the imaginary axis changes by two, 
since after adding to the amplitude-phase characteristic its mirror reflection 


in the real axis, all the points of intersection with the u-axis for w < 0 are 
points of self-intersection of the curve. 
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and «= 1 for an odd and ¢ = 0 for an even number of roots), it is 
necessary and sufficrent that - 

(1) wm the segment —1 <u < 0 the number of ‘ascents’ of the 
amplitude-phase characteristic of the first kind for w > 0 exceeds the 
number of ‘‘descents’’ by r, and 

(2) when e = 1 the point w = 0 corresponds to an ascent in this 
same segment of the axis, and when ¢ = 0 or in the presence of a zero root, 
to a descent. 


Figure 122 shows the shape of some amplitude-phase character- 
istics of the first kind when the equation D(p) = 0 has no roots to 
the right of the imaginary axis or on it (Fig. 122a), or has one root to 
the right of the imaginary axis and one zero root (Fig. 122b), and the 
closed system is stable. For the sake of clarity the right-hand sides 
of Fig. 122a and 6 show the shaded characteristic together with its 
mirror reflection in the imaginary axis. 


(b) Second amplitude-phase criterion for stability 


If we are given an amplitude-phase characteristic of the second 
kind, instead of the first kind (i.e. if we are given the hodograph of 
D(iw) . K (iw) 

instead of — 
K (va) D(ie) 
sider the equation 


then instead of equation (3.16) we must con- 


K(p) — AD(p) = 


Then the amplitude-phase characteristic of the second kind Dae x 
is the D-partitio n boundary. 

The point A= —1 corresponds to the equation D(p) + K(p) = 0, 
i.e. the characteristic equation of a closed system. The point A = — 
corresponds to the equation D(p) = 0, i.e. the characteristic equation 
of an open system. Because of this we must now move from the point 
A= — c to A = —1 instead of from A = 0 to A= —1. 

All the reasoning given in the construction of the first amplitude 
phase criterion is still valid, except that now the number of ascents 
must not exceed the number of descents, but, on the contrary, the 
number of descents must exceed the number of ascents by r. Thus 
the amplitude-phase criterion for stability may be formulated as 
follows: 
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In order that the system with the characteristic equation D(p) + 
+ K(p) = 0 shall be stable in the case when the total number of roots of 
the equation D(p) = 0 lying to the right of the imaginary axis and on it 
(but with no repeated roots on it) is equal to 2r + « (where e = 1 or 0) 
wu is necessary and sufficient that 

(1) on the segment —~ <u < —1 the number of ‘‘descents’’ for 
o> O of the amplitude-phase charactersitic of the second kind shall ex- 
ceed the number of ‘‘ascents” by r, and that 

(2) when « = 1 the point w = 0 corresponds to a ‘‘descent” in this 
segment of the u-axis, and when ¢ = 0 or when there 18 a zero root, to an 
“ascent”. 

By way of example, Fig. 123 shows the shape of the amplitude- 
phase characteristic of the second kind for the same cases as in Fig. 122. 


(c) Hstimating the stability from the logarithmic characteristic 


We showed in Chapter II that in some case the construction of 
the logarithmic characteristic is exceptionally simple. In these cases 
we use the logarithmic characteristic of the open system as Initial data 
for the calculation. To judge the stability from these characteristics, 
we can use them to construct the ordinary amplitude-phase character- 
istic and then use the amplitude-phase criterion for stability. We 
need not, however, carry out such a construction but can adapt the 
criterion to the peculiarities of logarithmic characteristics. 

We restrict ourselves to the case when the open system is stable. 
In accordance with the second amplitude-phase criterion for stability, 


(9 (0) 


Fre. 123 
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for the stability of the closed system it is necessary and sufficient in 
this case that the amplitude-phase characteristic of the second kind 
descends and ascends in the section — ~ = u < —1 of the real 
axis the same number of times. This condition is fulfilled if, for all w 
for which the argument ¢ of the characteristic vector is equal to 
+k ak = 1, 3, ...) and the modulus of the vector is greater than 


. d 
unity, the signs of = alternate. But 20 log 1 = 0. Hence, in order to 
) 


find out whether the closed system is stable in the case when the open 
system is, it is necessary to mark all values of w for which the phase 
characteristic intersects the line +k x(k = 1, 3, ...) and to find the 


d 
sion of - for those w for which the logarithmic amplitude character- 
wo 


istic lies above the frequency axis. 


(d) The use of amplitude-phase characteristics in estimating 
the stability of systems containing elements with time delays 
or with distributed parameters 


The concept of a tume delay. Everywhere in the preceding ac- 
count it was supposed that the action of the output coordinate of one 
stage on the input of the next stage was realized instantaneously. 
In practice, there are often occasions when such an assumption cannot 
be made, since the time required for transmission of the signal is not 
small enough to be ignored. 

The calculation of the delay time constant, if it is at all con- 
siderable,* or the calculation of the complete picture of the wave 
process in pipes can be important in the analysis of the stability of the 
system. 

The characteristic equation of a system with a time delay. Let us 
remove from the system the element which introduces the time delay. 
Then we obtain an ordinary open linear system. Its equation is 


n n—1 
yo Tout 4 a, GP Sout +e. fay Sou = 
dt” din-1 (3.18) 
d™ Xin qm t Xin 
by qm +8 ete + b,, %in- 


* We will later define more exactly what value of t is considerable (see 
p- 202) 


192 THEORY OF AUTOMATIC CONTROL 


The system in reality is closed across the element introducing the delay, 
and therefore 
Xin (t) = — Lous (6 — t). (3.19) 


Putting (3.19) in equation (3.18) we obtain for 7,,; (¢) a differential 
equation with a ‘“‘delay argument”’: 


n nm—1 
y Oot 4) 1g A"? Zour (4) +... $4,254 (t) = 


din t qun-2 
3.20 
__ b qa™ Cout (¢ — T) 4+ b dm-1 Lout (¢ ~~ t) ( 
° avn * dyn 


wee + Pn toue(t 7) 


As in the usual linear equation, we look for an integral of equation 
(3.20) in the form 
Lout (£) = Cert. (3.21) 


We note that in this case 


n 
d Lout 


0 aan 


tee. Fa, Coy = D (7) Cout = D (p) Cer, (3.22) 


where 
D(p) =a, p"+a,p "1+... +4a,, 


and the function x),+ (¢ — +) is transformed to 


Bout (E — v) = Cer t-, 


Then 
Aatous (¢ = t) = Cpert-*) 
dt 
and generally 
d™ Lou (6 — T) — Cp” ertt-*) 


dt™ 
Therefore, using (3.21) 


a™ Pout (+7) a1 Gout (E—T) 
69 om + m1 +...+ 6, Cone (E+T) = 


= K (p) Ce'-) = K (p) Cert e—P* (3.23) 
where 


K (p) = by p™ + by p™* +... +0, 
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Putting the last expression and (3.22) in (3.20) and dividing the 
right and left-hand sides by Ce™, we find: 


D(p) K (p) e-** = 0 (3.24) 


The roots of this transcendental equation are those values of p 
for which the function (3.21) is an integral of the equation (3.20) 

In contrast to an algebraic equation, the transcendental equation 
(3.24) can have an infinite number of roots, and the corresponding 
complete integral of equation (3.20) is equal to 


j=o0 
Xout = > CO, eP#, (3.25) 
j=l 


where p; are the roots of equation (3.24) and C; are constants deter- 
mined by the boundary conditions. 

The system is obviously stable if all the terms in (3.25) tend to 
zero as f > ©, i.e. if all the roots of (3.24) lie to the left of the imagi- 
nary axis in the plane of the roots.* 

Equation (3.24) plays exactly the same role with respect to the 
initial equation (3.20) as the algebraic characteristic equation plays 
for the usual linear differential equation. 

For this reason equation (3.24) is called the characteristic equation 
for the initial equation (3.20). 

We note that for 7 = 0 (3.24) becomes 


Dp) + K(p) = 0, 


which is the ordinary characteristic equation of the system without 
delay. 

For the transcendental equation (3.24) it is now necessary to 
consider the same problem of the distribution of the roots relative 
to the imaginary axis, which we considered for a polynomial above. 

The amplitude-phase criterion of stability for a_ transcendental 
characteristic equation. Let us return to equation (3.24)..We shall 
consider the more general equation 


—A D(p) + K(p)je"? = 0, (3.26) 


* The reverse statement, that the system is unstable if among the roots 
of equation (3.24) there is any one root with a positive real part, is considerably 
less trivial. It will be proved for the présent only with some supplementary 
conditions on the boundary conditions of the problem. 
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where A is any complex number. This equation becomes equation 
(3.24) for A= —1l. 
We construct the D-partition of (3.26) for the parameter A: 


2(p) = BP) oe, 
D (p) 


After substituting 1 for p we obtain: 


For A = — co (3.26) becomes D(p) = 0, and the distribution of 
the roots of this equation is independent of +. We first put + = 0. 
Let us find how many times, in moving along the real axis in the 
A-plane from the point 4 = — © to the point A = —1, it is necessary 
to cross the D-partition boundary on the shaded side and on the un- 
shaded side, in order that the point A = —1 shall belong to the region 
of stability. It will then be necessary to cross the D-partition boundary 
exactly the same number of times in the same way for any t> 0 
in order that the point A = —1 shall belong to the region of stability. 

For the case t = 0 the required number of intersections and their 
correct direction are ensured if the conditions of the amplitude-phase 
criterion of stability are fulfilled. This criterion is true, therefore, not 
only for polynomials, but also for the transcendental characteristic 
equation (3.24). 

But if, for s = 0, the equation of the amplitude-phase charac- 
teristic is 
K (iw) 


A(tww) = > 3.27 
(ee) D (iw) (8.27) 
then for t> 0 this equation is 
K (tw) _. 
A (iw) = —-—_ e '™, 3.28 
(0) D (io) (9.28) 


The stability of systems with delays. In order to construct the 
characteristics (3.28) it is first necessary to construct the hodograph 
(3.27) and then to displace all the points so that the radius-vector 
of each point is unchanged but its argument is decreased by tw. 
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Suppose, first, that for t = 0 the system is stable and has the 
amplitude-phase characteristic of the second kind given in Fig. 124. 
Further, let + be small, but not zero. Then each radius vector 
turns through an angle tw in a clockwise direction. Thus for example 


Fig. 124 


Fie. 125 Fig. 126 


the point a (Fig. 124) is displaced to the point b. It may happen that 
after such a deformation the characteristic does not contain the point 
A=-—l. 

We then increase z and once more deform the hodograph. It may 
happen that for some + = 1, the characteristic passes through the 
point 4 = —1 (Fig. 125), and for rt = t, + « surrounds it (Fig. 126) 
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To find this value of 1, we draw an arc of unit radius as far as its first 
intersection with the characteristic. Let the point of intersection cor- 
respond to w=, and let 7, be the ratio of this arc (in angular measure) 
to w,. Then for + = 1, the characteristic passes through the point 
4 = —1, and the system is on the boundary of stability — it generates 
undamped oscillations with a frequency @, (Fig. 125). 

When 7 is increased the system becomes unstable (Fig. 126). 
Stability is once again established (Fig. 127) if t crosses to the value r,, 


Fie. 127 Fig. 128 


corresponding to the second intersection by the characteristic of the 
point A= —1. | 
Thus, as 7 increases from zero to infinity, the system can either be 
always stable, or else regions of stability and instability can alternate. 
To determine these regions we construct a circle of unit radius, 
and determine all the points of intersection of the characteristic with 
this circle (Fig. 128). These points are determined by the equations 


Ro)=1, oo) — to = —n(2k + 1), (3.29) 


where k = 0,-1, 2,... 

Solving the first of the equations (3.29) for w, we find the values 
of the frequencies w, at the points of intersection with the unit circle. 
From the second equation we obtain 


gp (w,) 4 z (2k +- 1) . (3.30) 


Tj — 
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These values of 1; divide the region of possible values of 7 into 
stable and unstable sections, i.e. they isolate the region of stability 
for the parameter 7 (Fig. 129). The system is stable for all 7, only if 

|\£ (i) K 1 
|D (ie) 
for 0< w <oo. But this case is impractical since it requires that 
K(0) should be excessively small. 

Remarks on the calculation of the wave processes in pipes. It is 
sometimes impossible to ignore the presence of reflected waves in 
pipes and the phenomenon of hydraulic thrust or other wave pheno- 
mena have to be taken into account. 


the whole characteristic lies inside the unit circle, i.e. if 


Stable Stable 
0 t, . Ts Us T 


Fie. 129 


In this case the total differential equation must be supplemented 
by partial differential equations, and their corresponding boundary 


conditions. 
If these equations and the boundary conditions are linear, the 


characteristic equation of such a system reduces to 
A (p)e?2 +. B(p)e-Pt = 0. (3.31) 


It is not difficult to extend the amplitude-phase criterion for 


stability to equation (3.31) as well. 
Let us consider the more general equation 


—AA(p)e?2+ B(p)e"™ = 0, (3.32) 


which becomes (3.31) when A = —1l. 
From equation (3.32) we have 


A( ) — B (p) e7 2PT1 
A (p) 
or 
so) = PMO) 4-207 3.33 
A (iw) A (io) é . ( ) 
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If the hodograph of the vector (3.33) is called the amplitude-phase 
characteristic of the system having characteristic equation (3.31) then 
the amplitude-phase criterion for stability and all the above state- 
ments concerning delay remain valid for this case also. In this case. 
for the system corresponding to t = 0 whose characteristic is con- 
structed in order to determine its intersection with the unit circle 
K (iw) but B (to) 
D (ia) A (iw) 
bution of the roots of the open system D(p) = 0 we must take as the 
equivalent the distribution of the roots of the equation A(p) = 0. 
In addition, in this case, t = 27. 


we have to consider not , and instead of the distri- 


3. General Properties of Some. Classes of Systems 
of Automatic Control, Connected with the Conditions 
of their Stability 


The criteria of stability may be used not only in order to deter- 
mine the conditions for stability in each concrete case, but also to 
study the general properties connected with stability for whole classes 
of control systems. Knowing these properties we may immediately 
make a number of inferences about the stability of a system from its 
scheme, without using the criteria of stability. 


(a) The conditions for the existence of the region of stability 
in the parameter space (the conditions for structural stability ) 


The concept of the conditions for structural stability. Let us 
suppose that any system is given by its structural scheme. It is known 
what stages it contains and what kind of connexions exist between 
these stages. The values of the time constants or the coefficients of 
amplification of the stages are, however, not known. The aggregate of 
the positive numerical values of all the time constants and other coef- 
ficients which it is necessary to know in order to calculate the value of 
the coefficients of the characteristic equation when we know the struc- 
tural scheme, are called the system parameters. 

A change in the non-zero parameters, i.e. in the positive values 
of the time constants, the coefficients of amplification and so on, does 
not change the structural scheme of the system in any way. 
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The structural scheme of the system is usually predetermined by 
the properties of the controlled object and by the chosen scheme of the 
controller. In a number of cases the system proves to be unstable for all 
values of the parameters and we may only make it stable by changing 
the structure of the system. Systems of this kind are called struc- 
turally-stable systems, which can be made stable by the choice of para- 
meters. 

Examples of structurally-unstable systems are given in Fig. 103a 
and 6, and an example of a structurally-stable system is given in Fig. 


(c) 
Fie. 130 


130c.* For the system shown in Fig. 130a the characteristic equation 
can be put in the form 


(Typ + 1) (Typ? + 1) + kk, = 0 
or 
T Trp? + Top? + Tip + (kyk, + 1) = 0. 


The Routh—Hurwitz criteria require that the inequality 
TT; — 7,73 (kjk, +1)> 0, 
shall be satisfied. This reduces to 


—T Ts lyk, > 0 


* From Fig. 130 onwards the conditional notation for stages, introduced 
in Chapter I (p. 102), is used. 
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and hence cannot be satisfied if 7,, T,, &, and k,, are positive numbers. 
The system is unstable for any positive values of 7, T,, 4, and k,, 1. e. 
it is structurally unstable. 

For the system shown in Fig. 1300 the characteristic equation 
can be put in the form 

(T,p-+1) pp + ky, ky kg = 0 
or _— 
Ti P+ p? + ky ky kg = 0. 

For any values of 7',, k, k, and k, the system is unstable, since its 
characteristic equation does not contain a first degree term in p. 
Hence, the system is structurally-unstable. 

Let us consider, finally, the system shown in Fig. 130c. Its 
characteristic equation is 


(Trp +) (Trp +Txp +1) + hk =0 
or 
Ty T: p+ (1, Vox T)p? +(7,+ Typ + (4k, +1) =0. 


The Routh— Hurwitz criteria reduce to the inequality 
(Py Poe + To) (Ty + Tx) — 1,72 (ok, + 1) > 0, 


which can always be satisfied, for example, by taking the values of 
k, and k, sufficiently small. The system, therefore, is structurally- 
stable. 

The problem consists in deciding from the form of the structural 
scheme whether the system is structurally-stable or structurally- 
unstable, i. e whether the parameter space of the system contains a 
region of stability or not. 

The conditions for the structural stability of single-loop systems 
without derivative action. We first consider single-loop systems with 
the characteristic equation 


Dip) + K=0, 
where 


D(p) = Hd; (p) , 
and d; (p) are polynomials of the zero, first or second degree of the form 
To+1, Tp—1, @, 
Tp tT. p+l, Tpt+.. . 
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We denote by g the number of astatic stages (having d (p) = p), 
by ¢ the number of unstable stages (i.e. with d(p) = Tp — 1), 
by r the number of conservative stages (with d(p) = T*p? + 1)* 
in the system, and by z the degree of the polynomial D(). 
The conditions for the structural stability of such a system are deter- 
mined by the following theorem: 

In order that a single-loop system shall be structurally-siable tt 1s 
necessary and sufficient that, simultaneously, the inequalities 

(a) q+ t <2 and (b) n> 4r shall be satisfied 
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As an example let us consider the assembly of the indirect control of 
an internal combustion engine using a controller without feedback (Fig. 131). 


*The calculation of the conservative stages is important for two reasons. 
Firstly, it is often necessary to ensure stability for’ limited small damping 
in the oscillatory stage. In this case we neglect. damping, i. e. replace the oscil- 
latory stage by a conservative stage, and require that the system shall be stable 
in this case too. Secondly, two astatic stages following one another and closed 
by feedback transmitted from the output of the second stage to the input of 
the first, form a conservative stage (see footnote on p. 210). Such a combination 
of astatic stages is often encountered in control systems, since 1t allows us to 
use only one feedback when there are two cascades of astatic azroplifiers. 
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The engine represents a single-loop stage if it possesses inherent regulation, an 
astatic stage if it does not and an unstable stage if the inherent regulation is 
negative. The static sensor represents either an oscillatory stage (if viscous 
friction is taken into account), or a conservative stage (if not). The servomotor 
without feedback represents an astatic stage. 

Table IV gives the various possible structural schemes, depending on the 
properties of the engine and of the controlled object. 


O ry HO | 
Fram shaft of 
he Outflow motors 
TY TTT <- Inflow of oil 
— Outflow 
t= > Outflow 
TO i < /nffow of olf 
ann _» Outflow 
re | 
Fig. 132 


We see that out of six cases in only one can the system be made stable: 
when the engine possesses positive inherent regulation and friction is taken, into 
account in the sensor element (scheme Q). 

Let us add one more servomotor possessing feedback, this being equiv- 
alent to adding one single-capacitance stage to the assembly (Fig. 132). 

The structural schemes for the same six systems are shown, in Table V. 

The system can now be made stable for the engine which possesses posi- 
tive inherent regulation both with friction in the sensor, and without it (Table 
Va and b), but as before it is not possible to produce stability in any of the 
other cases. | 

In place of the additional servomotor included in the scheme of Fig. 131, 
let us shunt the servomotor in the scheme with feedback. 
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TABLE LV 


Sensor 


Inherent 
regulation 


With friction Without friction 


Motor with 


{ 

| positive Se 
inherent 

i regulation 

| __ 

| 

( 

Mo t 0 r . “0.0 © 0 6 0 0 @ 
without eieaeleatetere 
inherent 

regulation 
| 
Motor with | Seeseeecereetess 
negative | “ere eteteraretes 
inherent 
regulation 
TABLE V 
| Senso 
| Inherent t 
| regulation With friction | Withont friction 
i— _ 
. 
Motor with 
i positive 
inherent 
regulation 

Motor 
without 
inherent 

regulation 


Motor with 
negative 
inherent 

regulation 


104 THEORY OF AUTOMATIC CONTROL 


Then the system will be structurally-stable for any engine, provided 
here is friction in the sensor (Table VlIa, c and e), but is still structurally- 
mstable for all engines without friction in, the sensor (Table VIb, d and f). 

Let us turn to the scheme of two-stage amplification, but let us add feed- 
sack in the second servomotor (Fig. 133). 

Now (Table VIL) the system is structurally-stable in all six cases, i.e. 
soth for any engine and with or without friction in the sensor. 


Outfl. From shaft 
Lult “ly of motors 


mim | ~/nflow of oil 


Outflow 


HK —» QutHow 


om | — /nflow of atl 
tea ~~ Outflow 


Fie. 133 


The conditions for structural stability in single-loop systems with 
derivative action. If positive first-derivative action is present in a 
single-loop system, the characteristic equation of the system takes 
the form 

Dp) +kp+K=0, 


where # is a positive number. 

If, in addition, there is positive second derivative action, or if 
first derivative actions exist at two points in the circuit, then the 
characteristic equation of the system reduces to the form 


Dp) + My’? + Rp + K = 0, 


where M and & are positive numbers. 
Bearing in mind the general case of the system containing any 


bo 
© 
Or 
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TABLE VI 


Sensor 


Inherent 


regulation With friction Without friction 


ee 1 a —, 


Motor with 
positive 
inherent 


regulation 


070°0"0"0-0-0,0°4 
Mer erereretererent 


OOOO 


oe X | 


Motor 
without 
inherent 

regulation 


Motor with 
negative 
inherent 

regulation 


TABLE VII 


Sensor 


| Inherent 
regulation With friction | Without friction 


Motor with 
positive 
inherent 

regulation 


Motor 
without 
inherent 

regulation 


Motor with 
negative 
inherent 

regulation 
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number of first derivative actions or of both first and second deri- 
vative actions, let us consider the characteristic equation 


D(p) + K(p) = 0. (3.84) 


Here K(p) is the product of factors of the form (f,;p + K;) and 
(Mip?+ Rip+ K;) and &;, M,; and K; are positive, non-zero, 
numbers.* There can be any number of such factors provided that 
m, the degree of K(p), does not exceed n, the degree of D(p). 

With these assumptions, all the roots of the polynomial K(p) 
lie to the left of the imaginary axis, or, as is sometimes said, K(p) 
is a Hurwitzian polynomial. 

Just as before, we suppose that D(p) contains only factors of the 
form » (the number of such factors being g), 7p — 1 (their number 
being ¢), 7'’2p* +1 (their number being r), 7p +1 and Z'? p? + 
+7, +1. In addition to the earlier notation we put u=q+it+ 
+ 2r, 9 = the integral part of the fraction u/2, m is the degree of the 
polynomial K(p), and N=xn-+m. 

The conditions for the structural stability of systems containing 
the derivative actions given above are determined by the following 
theorem : 

In order that the system with characteristic equation (3.34), in which 
D(p) is the product of factors of the form p, Tp +1,7°%p* +7, 9+ 1, 
TT? »o%* +1 and Tp — 1, and K(p) is a Hurwitz polynomial, shall be 
structurally stable, it is necessary and sufficient that the inequality 


m>gqt+t—l (3.35) 


be satisfied, and that one of the inequalities in Table VIII, depending 
upon the values of u and m, be satisfied. 


Taste VU 
m= 0 7 = nt m odd 
yf even N > 4e N>4toe—1| N>4e—2 
' i odd N > 40 N > 40 N>4e+1 


ES I hee A alte ST 


* This means that there are no negative derivative actions in the circuit, 
and that positive second derivative actions are introduced at any point of the 
loop only if there is first derivative action at that point (in the contrary case 
we would bove M; > 0, R; = 0, and this is excluded by the given conditions). 
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In the simplest particular case, when K(p) = Rp + K, ioe. 
when the system contains only first derivative actions at one point 
of the circuit, we have m = 1 and the inequality (3.35) reduces to 
gqt+ti< 2. 

In this case, mis odd, and we must use the last column of Table VII. 

Three cases are possible: g+¢#=0,¢g+t=landgqt+i= 2. 
In the first case u = 2r, i.e. wis even, 9 = rand the second inequality 
reduces to the form 

N > 4r — 2 


or, since VN = n + 1, to the form 
n > 4r — 3. 


In the second case, when g += 1, we have uw = 2r-+1, ie. 
uw is odd, but as before 9 = r. In this case the second inequality re- 
duces to 

n > 4r. 


Finally, in the third case, when q+t#=2, u=2r+ 2 ana 
o0 =7r-+1 then the second inequality becomes 


n+1>4r+1)—2 
or 
n>4r-+l. 


Thus, 2f first derivative action is present at one point of the carcuit, 
the necessary and sufficient conditions for structural stability are ob- 
tained if the inequality (3.35) is replaced by 


G+ti< 2, 
and Table VIII ts replaced by the simpler Table IX. 


TasBLE LX 


1 | 8 


gti 0 


Inequality n > 4r—3 n> 4r nm>4r+tl1 


Thus, due to positive first derivative action, the value of g +1 
may be increased to 2 without disturbing the conditions of structural 
stability, and when astatic and unstable stages are absent (i.e. for 
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q-+ t= 0) the number of conservative stages may sometimes be 
increased without disturbing the stability. 

Table X repeats Table IV, but on the added assumption that the 
system contains positive first derivative action. The bold lines in- 
dicate those systems which are known to be stable on the strength 
of the above theorem of structural stability. 

In Table X an arrow with a point ——> denotes derivative action. 

A comparison between Tables X and IV shows how structural 
stability is basically favoured by the introduction of derivative action. 

In the above theorem it was assumed that K(p) was a Hurwitz 
polynomial. In order to consider also those cases when the system 
contains negative derivative action (i.e. when R; < 0 and M; < 0) 
or when second derivative action is introduced without first deriv- 
ative action (i.e. when R; = 0 for M; # 0) we now lift all restrictions 
on the polynomial K(p). 

TsasLeE X 


Inherent Sensor 
regulation 


With friction | Without friction 


——_. 


Motor with 
positive 
inherent 

regulation 


Motor 
without 
inherent 

regulation 


Motor with 
negative 
inherent 

regulation 


In addition to the condition m< n, we shall assume that the 
polynomial D(p) consists of factors of the form Tp +1, 7? p?+ 1 
and T2p?-+ Tfp-+ 1, and contains not more than one factor p 
(or Zp — 1), ie. we shall assume that g + t < 2. The conditions for 
structural stability in this case are determined by the theorem: 
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t 
‘ 


TABLE XI 
| = 0 i> 0 and even i odd 
—— Sk ¢.0 en  ¢ =) 0 EE?) 
g+i=0 | N>4r  N>4r—l: Nod i N>4r—2) No4r—2 
g+t=l p> ® N > 4r N 


> 4r N>4r41i N>4r+2 
| | 


In order that the system with characteristic equation 


D(p) + K(p) = 0 


forq+t> 2 shall be structurally-stable, it is necessary and sufficient 
that one of the inequalities in Table XI shall be satisfied, this inequality 
being chosen according to the values of gq +t and 2 and depending on 
whether we are considering the normal case (A) or the particular case (B). 

In addition to our earlier notation, here Ais the number of roots 
of the polynomial K(p) lying to the left of the imaginary axis, (A) is 
the case when one of the factors in K(p) is Hurwitzian, and (B) is the 
case when K(p) contains no Hurwitzian factors. 

As an example we consider a system containing a negative first 
derivative action at one point in the circuit. In this case K(p) = 
= —Rhp + K, ie. A=O0 and N=n+ 1. 

Consequently, the condition for structural stability is the in- 
equality 

n> 4r—1 


Comparing this with the inequalities of Table 1X, we note that 
for g +t=1 negative first derivative action can also guarantee 
structural stability in those cases when positive first derivative 
action is of no use. Thus, for example, the system with characteristic 
equation 

p(Tp +1) (T?p? +1) + Rp+ K=0 


is structurally unstable, and the system with characteristic equation 


p(Tp +1) (7? p? + 1)—- kp + K=0 
is structurally stable. 
The structural stability of some non-single-loop systems. ‘The 
theorems given above may also be used in the analysis of the con- 
ditions for structural stability of systems with non-intersecting 
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static feedbacks*. An example of such a system is shown in Fig. 134. 

Let us consider any system which differs from a single-loop 
system by the presence of any number of static non-intersecting 
feedbacks. We remove from the system all the feedbacks which include 
one or two stages of the first order, together with these included stages, 
replacing them by equivalent stages.** We can then find two stages, 
the jth and the kth, which satisfy the following two conditions : 

(a) Feedback is transferred from the Ath to the jth stage ; 

(b) The stages included by this feedback have no other feedback. 


Fig. 134 


Let us ‘“‘excise’’ from the system this feedback and the stages it 
includes representing them separately, while instead of the “excised’’ 
stages we include in the system a chain of n single capacitance stages, 
where » is the degree of the characteristic equation of the ‘‘excised”’ 
part of the system. Again we find two stages, satisfying the above 


*i.e. containing connexions such that the arrows which represent them 
on the structural diagrams do not intersect. 


** Thus, for example, an, astatic stage with feedback has the equation 


da dx 
i = ky (yn — O%oyt) Or LT a + Lout = kXig, 
where 
T = i and k= i , 
ky Q Q 


and therefore is equivalent to a single-capacitance stage. 
Two astatic stages with static feedback have the equations 


da dx d? x 
dt = ky (Zin — Q%2), “at = het, OF “ae b key ke Qy = hy +key Win. 
Introducing new notation we obtain 
T? d? Lout - me 1 - do : 
ay + Boy: = kein Where toy, == 2,3 T? = kiko’ k= ra 


and consequently the two astatic stages with feedback are cquivalent to one 
conservative stage, and so on. 
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condition, ‘excise’ them from the system and similarly include a 
corresponding number of single capacitance stages in their place, 
and so on until the system becomes a single-loopsystem. 

If the system contained h feedbacks and if only S of them may be 
excluded at once by introducing equivalent stages, then as a result 
we obtain 4 — S + 1 single-loop systems. 7 


Fig. 135 


We call this process ‘‘the decomposition of a multiple-loop system 
into single-loop systems’’. The value of this procedure is shown by the 
following theorem: 

In order that a multiple-loop system with static non-intersecting 
feedbacks shall be structurally-stable it is sufficient’ (but not necessary ) 
that this property be possessed by all the single-loop systems obtained by 
decomposition of the given multiple-loop system. 

Let us find, by way of example, whether the system whose 
structural scheme is shown in Fig. 135a, is structurally stable. 
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The third stage together with its shunted feedback can be re- 
placed by a single-capacitance stage without feedback which is equiv- 
alent to it. The resulting system is shown in Fig. 1350. It is completely 
equivalent to the original scheme, shown in Fig. 135a. 

We now single out the second, third, fourth and fifth stages, 
together with their shunted feedbacks. The characteristic equation 
of the singled out system is of the fifth degree. We replace these stages 
by five single-capacitance stages (Fig. 135c). Thus the multiple-loop 
system (Fig. 135 > and c) can be broken down into two single-loops. 
both of which are structurally stable. Hence, the original multiple- 
loop system is also structurally stable. 

Let us now find whether the system shown in Fig. 136 is struc- 
turally-stable when the engine possesses negative inherent regulation, 
and when there is friction in the sensor. 

The structural scheme of the system is shown in Fig. 137a. 
It is decomposed into two single-loop systems (Fig. 1375 and c). 
They are both structurally stable. Hence the original multiple-loop 
system of Fig. 136 is structurally stable. 


(b) The critical coefficient of amplification. The critical 
coefficient of amplification of a single-loop system without 
derivative action 


If a single-loop system consists only of single-capacitance and 
oscillatory stages, then it can always be made stable by the choice 
of its parameters ; to do this it is sufficient to choose the coefficient 
of amplification of the system, K, to be less than some critical value. 

In fact, in this case the characteristic equation of the system has 


the form 
j=n 
TT 4(p) +k =0. 


jai 


where K = Ty *, is positive, and 


j=l 
d;(p)=T;p+1 


dj(p) =Tjp?+Ty pti. 


or 
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j=n 

The hodograph Jf 4; (iw) + K is obtained from the hodograph 
j=l 


j=n 
[f[ 4,1), by displacing it to the right, parallel to itself, by the 
j=] 


amount K. 
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The hodograph of the product i d; (t w) always satisfies the con- 


dition of the Mikhailov criterion. Suppose that its intersection with 
the negative u-axis nearest the origin of coordinates is the point 2%). 
Then for any K > u, the hodograph 


[f 4j(o) +K 
j=l 
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also satisfies the conditions of the Mikhailov criterion and the system 
is stable. 

The value K =u, is called the critical value and is denoted 
by K.,. The system 1s stable if K < Ke. 

If 


D (tm) = ig (iw) = u(w) + tv (a), 


Fie. 137 


then the critical value of the coefficient of amplification is determined 
from the condition 


U (min) = Ke ’ 


where @min Is the least positive real root of the equation v,() = 0, 
since the value of K,, is equal to the section of the u-axis from the 
origin to the nearest point of intersection of this axis and the hodo- 
graph D (2). 

The value of the coefficient of amplification determines the static 
error (see Chapter II, Section 7) ; the larger the coefficient of ampli- 
fication, the smaller the non-conformity and the higher the static 
accuracy of the system. 

Thus, in every single-loop system the coefficients of amplification 
has a limiting value which ensures the stability of the control : in a static 
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system this value rs determined by the minimal attainable static error in the 
system™. 

From the point of view of the stability of the system it is desirable 
to have the smallest value of the coefficient of amplification. At the 
same time, from the point of view of the static accuracy of control 
it is desirable to increase the coefficient of amplification; it is possible 
to do this without destroying the stability only if K,, is sufficiently 
large. 

The critical value of the coefficient of amplification depends on 
the values of the time constants in the separate stages. 

Let us confine ourselves to a system consisting of n single- 
capacitance stages. The characteristic equation of such a system is 
of the form 


= 
= 


[ID (Tjp+)+K=0. 


j=l 
Let us assame that all the time constants are equal, i.e. 


T,=T, =... = Tp. 


In this case all the stages will have an identical hodograph. 

Let the hodograph of the system intersect the u-axis at the value 
w = w and let R be the modulus, and a the argument of the radius- 
vector to the point of the hodograph of the stage corresponding to 
(Fig. 138). If the system consists of n identical stages, then 


o=— and K.. = BR". 
Nr 
But, from the triangle Oac (Fig. 138) 


R=)(To)? +1 and To =tan—. 
TL 


* Of course, only if an increase in static accuracy is obtained when K 
is increased for invariable values of all the time constants. We can often increase 
the static accuracy by changing those parameters determining K and T’, and 
as K increases, K,,.is increased. A typical example of such a parameter is the 
rigidity of the piston of a sensor. With a decrease in, rigidity, the static error 1s 
decreased. Then the coefficient of amplification of the sensor and its time con- 
stant increase simultaneously and, of course, so does K,,. 


216 THEORY OF AUTOMATIC CONTROL 


Therefore the critical coefficient of amplification is 


Ko = hit = [V (To) +1)" — | ae a r J 


Hodograph 
of the. stage 


Hodograph of 
the system 


Fic. 138 


Values of the critical coefficient of amplification calculated from 
this formula are set out in Table XII. 

In present-day static control assemblies, in order for the system 
to be statically exact, it is often necessary that & should be from 50 
to 100, or in some cases from 500 to 1,000. 


TABLE XIT 
n 2 3 4. 5 6 
Ker 0 8 4 2-9 2-4 


From the calculations made it follows that a system consisting 
of stages having identical (or, of course, approximately equal) time 
constants, is not suitable if the number of stages is more than two. 
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In order to ensure high values of K,,, it is necessary to ‘‘move”’ 
the values of the teme constants apart, to increase the range between them. 

Let us now consider the case when the time constants form a 
geometric progression 


T, Py T, Dns 


The values of the critical coefficient of amplification in this case 
are set out in Table 13 for various values of 4 and n. 


TABLE XIIT 


Number of stages 


| 
| 3 } 4 5 6 
| ; 
1 | S| 4 3 2.3 
5 37 30 29 28 
10 122 110 110 110 
100 10,200 | 11,000 | 10,098 | 10,097 


From Table XIII it follows that in order to obtain K,, > 50 
with a normal number of stages (n < 7) the value of 4 must be of the 
order of 10. 

Frequently static systems contain oscillatory stages in addition. 
to single-capacitance stages, although the simple relations show how 
important it is to increase the ratio of the greatest time constant 
to the least, to ‘‘move”’ the values of the time constants apart from 
one another. 

The increase in the critical coefficient of amplification due to the 
introduction of derivative action. Let us suppose that in the absence 
of derivative action the conditions for structural stability are satisfied 
and that derivative action is introduced only to increase the critical 
coefficient of amplification. 

Let us number the stages in such a way that the first is the stage 
to which the derivative action is applied. 

Then with first derivative action the equations of the control 
process after the application of the Laplace transform take the form 


d, (p) L (2,] = — by (1 + op) L [z,], 3.38) 
dj(p) L (ej) = kL [uy], j= 1,2,...,0, 
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where, as before, o is different from zero if there exists first derivative 
action in the system. The characteristic equation of the system (3.36) 
reduces to the form 


Dip) + K+ K ep=0 (3.37) 
or 
D(p) + K + Rp =0, (3.38) 
where 
R=K 0. 


To find the conditions under which the introduction of derivative 
action increases the critical value of the coefficient of amplification, 
it is most convenient to construct the region of stability in the plane 
of the parameters K and 9. With this aim we first construct the region 
of stability in the plane of K and F and then pass into the plane of K 
and 9. 

Let Dit w) = u(w) +720 (o). 

Putting » = 7m in (3.38) and equating the real and imaginary 
parts separately to zero, we obtain : 


A+ u(o)=0, (3.39) 
Rw +- U (wo) = 0, 
giving 


K=—u(o); R= — 2M). (3.40) 


The determinant of the system (3.39) is 


1 O 
0 w 


i 


and therefore in the K, R-plane there is only one singular straight line, 
that corresponding to w = 0. Knowing the shape of the curve D(i w) 
it is not difficult, using (3.40), to construct the D-partition boundary 
in the K, #-plane (Fig. 139). For this we need only change the signs 
of the abscissae and the ordinates and divide the latter by w. The 
ordinate of the D-partition boundary then becomes zero for the same 
values of w for which the ordinate of the hodograph D (i w) becomes 
ZeLo. 
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It is now not difficult to obtain the D-partition of the plane 
K, o if we bear in mind thato = = 


The ordinate of the D-partition boundary in the K, o-plane is 
defined as the tangent of the angle of inclination of the straight line 
joining the origin in the K, R-plane to the point of the D-partition 
boundary in this plane. 

As an example, in Fig. 140d we complete the construction of the 
D-partition of the half-plane K > 0 for the case when the hodograph 
D (4 @) is as shown in Fig. 140a. 


OOG 
n%ete*.? ~ 


Oe oe aN; egian o 
stability 


Fia. 139 


In Fig. 1405 we copy the hodograph of Fig. 140a changing only 
the signs of uw and v. In Fig. 140c the ordinate of each point is divided 
by the value of w corresponding to it. After shading the K, R#-plane, 
the region of stability is seen. We are only interested in the half-plane 
K > 0. The previous construction is therefore carried out only for 
this half-plane (Fig. 140d) The abscissae of the curves in Fig. 140d 
and c coincide, and the ordinates in Fig. 140d are equal to tan p (see 
Fig. 140c). 

From Fig. 140d it follows that the greatest critical coefficient 
of amplification, Ker max is obtained when 9 = Qq. From the graph 
it is seen that Ke, max = Uq and that the value of Ke max = Ug can be 
determined directly from the hodograph D (iw), provided that (and 
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Fie. 140 
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. 2 ¥ . 
this occurs most frequently) the hodograph u— i—has no point 
62) 


of self-intersection. To do this we must draw the vertical tangent to. 
the curve D (1 w) to the left of the v-axis and as near to it as possible. 
On the w-axis this tangent cuts offthe value uz = Ker max (Fig. 140a). 
If the point a lies in the third quadrant, then o, > 0 while if it lies 
in the second quadrant, then 0, < 0. 

The absolute value | 0, | is found from the equation 


| 
lOal = ; a | (3.41): 


and can be calculated directly from the hodoyraph 

Thus, to determine the most advantageous coefficient for first deri- 
vative action from the point of view of an increase in the critical coefficient 
of amplification, it 1s necessary to construct the Mikhatlov hodograph 
D (1 w) for an open system with derivative action and to find the abscissa 
Uq and the ordinate vz of the point a where the tangent to the hodograph 
nearest the v-axis and lying to the left of it is vertical. The optimal value 
of 0g 1s found from the equation 


aq 


Wg Ua 


lal = 


If the point a lies in the third quadrant, then og > 0, 1.e. in order 
to increase the critical coefficient of amplification we must introduce 
positive derivative action and the greatest coefficient of amplification. 
which can be attained by introducing first derivative action will be. 
Ker max = Ug. Lf the point a lies in the second quadrant 0, < 0, 1.e. the cri- 
tical coefficient of amplification is increased only if negative derivative 
action 1s introduced and then Ker max < Ua: 


v 
This statement is only true, of course, if the hodograph u + ¢ > 


has no self-intersections. In the contrary case, the point a 1s not the 
point where the tangent is vertical, but is one of the self-intersecting 
points. 

We recall that the modulus d; (i w) for astatic, single-capacitance 
and sufficiently well damped oscillatory stages increases monotoni- 
cally as w increases, and has no points of self-intersection. If the system 
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consists of such stages only, then the modulus | D (za) |, equal to 
the product of the moduli |d, (@) |, also increases monotonically 
as w increases. In this case the point a cannot lie in the second quad- 
rant, and the critical coefficient of amplification can only increase 
when positive first derivative action is introduced if @ does not go 
outside the defined threshold. Here the introduction both of negative 
and of exceedingly strong positive (9 >@,) derivative action only 
lowers the critical coefficient of amplification. 

In a system containing weakly damped oscillatory stages it is 
quite another matter. The modulus | D (2 w) | in such a system grows 
non-monotonically as w increases, the hodograph D (iw) can have 
points of self-intersection, and the point a can lie either in the third 
or in the second quadrant. In such cases positive derivative action 
can only decrease the critical coefficient of amplification, while nega- 
tive derivative action can increase it, provided that 


lel < |@al- 


The only exceptions to these rules are systems having charac- 
teristic equations of the second and third degrees, since a vertical 
tangent cannot be drawn to their hodograph D (2 w) in the finite part 
of the plane. 

A system which has a second order characteristic equation and no 
derivative action is stable for any coefficient of amplification, and 
there is then no meaning in the problem of increasing the critical 
coefficient of amplification by introducing derivative action. 

Hodographs D (i w) of a system having a characteristic equation 
of the third order are shown in Fig. 141a. The construction. of the region 
of stability in the K, &-plane and in the half-plane K > 0, ois carried 
out in Fig. 1416 and c. 

In this case the critical coefficient of amplification increases 
monotonically as @ increases (for g > 0), becoming infinite for the 
finite value @ = ey. If g@ > e, then the system is stable for any co- 
efficient of amplification. 

From this it follows that this remarkable property of single-loop 
systems is characteristic only of those systems with third degree 
characteristic equations. 

For characteristic equations of higher degree 9 becoming larger 
than the given threshold (the value o,) entails a risk of making a stable 
system unstable only because of the introduction of derivative action. 
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p p p 
(c) #, ” £ Ly : 
K K K 
Fig. 141 


EXAMPLE 1. Let us consider an indirect control assembly and let the 
time constant of the single-capacitance object be 5 sec, of the static servomotor 
be 1 sec, of the oscillatory sensor be //0-1 sec, and of damping be 1 sec. Then the 
characteristic equation of the control process will be 


Dip) + K=0, 
where 


Dip) = bp +1) Oly? +p+lI@r)h), 


and where only the value of K depends on the transmission. ratios of the con- 
nexions. 
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The Mikhailov hodograph of the open, system is 


Di w) = (5tw + 1) ((1 — O-lw?) + tw] (tw + 1) 
shown, in Fig. 142. 

From Fig. 142 we see that the critical coefficient of amplification of the 
system is equal to 12-1, and therefore it is not possible to obtain stable opera- 
tion in the given system by changing the transmission ratios of the connexions, 
if the static error is to be less than 


-60 -50 -40 -30 -20 “@ Q| aw? =O 


Fre. 142 


1 7 
(= 21+ 1 a 0-77 6, 
i.e. less than 7:6%. 

Now let derivative action be introduced into the system in order to 
decrease the static error. 

To determine the maximum coefficient of amplification attainable in 
presence of derivative action, we draw the vertical tangent to the hodograph, 
as in Fig. 142. 

The point of contact has the coordinates u, = —60-6, v, = 183-6, and 
it corresponds to w, = 3°33. This point lies in the third quadrant. Consequently, 
the critical coefficient of amplification can be increased, by introducing positive 
derivative action, to the value K.. »..,= 60-6. This maximum coefficient of 
amplification, is attained when 

@q 183-6 


Ca Ou, 006.333 = 0-91. 
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The static error when derivative action is present can be decreased to 


= - ez 0-016, 


__} 
60-6 + 1 
without destroying the conditions of stability, i.e. to 1-6%. 

ExampiLe 2. We consider the previous example supposing that 7’, = 0-01, 


the values of all the other time constants remaining unchanged. 
The hodograph 


D(iw) = (diw + 1) [(1 — 0-lw?) + 0-0liw] (tw + 1) 
is represented in Fig. 143. 


In this case, when derivative action is absent, the critical coefficient of 
amplification is equal to only 3-9. The point where the tangent to the hodograph 
is vertical lies in the second quadrant. Its coordinates are uz = —12-3, v, = 
= 6-04 and it corresponds to w, = 227. Consequently, for T, = 0-01, positive 
derivative action only reduces the coefficient of amplification. 

In order to increase the coefficient of amplification it is necessary to 
introduce negative derivative action. Then the coefficient of amplification can 
only be increased up to Ky, max= 12:3. This maximum coefficient of amplifica- 
tion, is attained for 
_ 804  _ pore, 

12-3.2-27 


Ca 


lQal = 


Vata 


A similar investigation made for the case when second derivative 
action is introduced to increase the critical coefficient of amplification 
shows that the value of K,, attained because of this action is unbounded 
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only if n < 5. For n > 5 the effect of the second derivative action 
is first to increase K,, to some maximum value, and then reduce it to 
zero. Negative second derivative action only lowers K ¢,. 


4. Estimating the Stability of the Original System from 
the Stability of its Linear Model 


In the previous sections we considered the question of the sta- 
bility of the linear model of an automatic control system. 

At the beginning of the chapter it was proved that at best the 
stability of the linear model indicates the stability of the given non- 
linear system for sufficiently small disturbances. In the present scc- 
tion this statement will be made more precise. Moreover, in some 
cases we can make a stronger assertion concerning the stability 
of the real system if it can be established that its linear model is 
stable. 

To exemplify this, let us make the concept of stability which 
we introduced at the beginning of Chapter III more precise. 

We call a system which contains non-linear elements ‘“‘slighily’’ 
stable if there exists a region, however small, of initial deviations, 
such that as a result of a deviation which belongs to it, the steady 
conditions are restored (after a finite time or in the limit as t > oo). 

Thus, by saying that the controlled conditions are ‘‘slightly’’ stable 
we are only asserting the presence of a region of initial deviations with 
respect to which the system is stable (t.e. the presence of. a region of 
stability) but are not defining any of its boundaries. 

Of course, the “slight” stability of a system does not prevent 
the system itself, for real initial deviations, behaving as if it were 
unstable, since the concept of slight stability does not take into account 
the fact that the region of stability of the system can be bounded. 
To speak of the stability of the real system it is necessary to compare 
the region of stability and the region of initial deviations which are 
possible under testing conditions. 

We agree to say that the system is “largely’’ stable when the 
boundary of the region of initial deviations following which the con- 
trolled conditions are restored is defined and when it is shown that 
this region contains real initial deviations. 

Finally, we agree to say that the system is ‘‘decremented”’ or 
“unboundedly” stable (‘‘wholly’” stable) when the region of initial 
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deviations, which lead to a restoration of the position of equilibrium, 
is not bounded at all. In this case the initial system possesses the same 
properties as its linear model; from the fact that it is wholly stable 
for any initial deviation. 

We now restrict ourselves to the case of a system which differs 
from a linear system by the presence of one non-linearity. In the 
general case the process in such a system is described by the equations: 


nM 
b= Saya, + f(a), | 
j=l 
(3.42) 
é,= 4,2, t= 2,3, 220 2; 
j=1 
differing from the linear system 
. 7" 
Ly —= > 41; %; + AX p, 
j=l 
| . (3.43) 
x; = > Ajj Xj, {= 2, 3, oo ey Tt, 
j=! 


only by the presence of one non-linear function f(x,), in the first 
equation in place of az,. 

Let us now find the region of values of a for which the system 
(3.43) is stable. Let it be established, for example, that the system 
(3.43) is stable for 


and unstable for 
a<a*—eanda<a**+¢, 


at least for a sufficiently small positive number e«. 

In other words, the values a =: a* and a = a** are the boundary 
of the region of stability for a. 

Further, in the construction of the linear model of the original 
system (3.42) let the non-linear function f(x,) be replaced by the linear 
function a, %,, @, being chosen so that 


a*<a,<a**. (3.44) 
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It is immaterial how a, was determined, whether by a transition 
to small oscillation, i. e. by substitution of the f = j(x,) by the tangent 
at the point x, = 0 or by experimental methods, i.e. by replacing 
this curve by a straight line, which, although it also passes through 
the point, is not coincident with the tangent. If the inequality (3.44) 
is satisfied, then the constructed linear model is stable. Can we then 
make the same conclusion concerning the stability of the original 
system (3.42)? 

Let us consider two numbers a, and a, satisfying the inequality 


aX <a, <ay< a, <a**. (3.45) 


Let us now construct in the f, x,-plane two rays f = a, x, and 
jf = @ x, and compare them with the curve f = f(x;,). 

There are three possible cases, represented in Fig. 144. 

1. The curve f = f(x;) lies entirely, i.e. for all values of x, possible 
when the system is tested, between the ray jf = a,x, and the ray 
jf = a x, (Fig. 144a). 

2. The curve f = f(x,) lies between the rays f=a,z, and f= 
= @,%, only for sufficiently small x, and intersects one of the rays 
for some value of x,, say for x, = 2%, (Fig. 1440). 

3. The curve does not lie between the rays for any x,, however 
small (Fig. 144c). 

Using the Lyapunov method, we establish that it is always 
possible, however the number a, was chosen when substituting the 
system (3.42) by its linear model (3.43) to find two numbers a, and a, 
such that the following assertions are true : 

J. In the first case (Fig. 144a) the stability of the linear model 
indicates that the original system is unboundedly stable. 

2. In the second case (Fig. 1445) the stability of the linear model 
shows only that the original system is “‘slightly’’ stable. 

In addition, knowing the least value of 2, for which the curve 
intersects one of the rays, it is possible to determine the region be- 
longing to the region of stability. Comparing it with the given region 
of initial deviations, it is sometimes possible to establish also that the 
Stability of the linear model indicates that the system is ‘‘largely’’ 
stable. 

3. In the third case (Fig. 144c) the stability of the linear model 
does not even indicate the slight stability of the original system. 
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If the linear model is constructed by means of a transition to 
small oscillations, i.e. if f = a, 2, is the tangent to the curve f = f(2;) 
at the origin of coordinates, then from (2.45), the tangent lies between 
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the rays and the case of Fig. 144c¢ is not possible. When the linear mo- 
del has been constructed by transition to small oscillations the stability 


of the linear model always indicates the “slight” stability of the ori- 
ginal system. We may in this case sometimes establish by the above 
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method that the original system is “largely” stable or even (as in 
Fig. 144a) that it is unboundedly stable. 

If the linear model is constructed by the experimental averaging 
of non-linearities, for example, if experimentally found frequency 
characteristics are used or if the parameters of the elements (time 
constant, coefficients of amplification, etc.) are found from experi- 
mentally derived time characteristics, then the case of Fig. 144c is 
possible and the stability of the linear model does not ensure that the 
original system is even “‘slightly”’ stable. 

All that has been said can be directly applied to systems which 
contain any number of linearizable non-linear functions of any number 
of arguments or which include parameters that are functions of time. 

Returning to the case of the system (3.42), containing only one 
non-linear function, it is natural to ask : 

Is it not possible to move the rays to the boundary of stability, 7.e. 
is it not possible for the given deductions to remain in force if we replace 
the ray f = a, x, by the ray f = a* x, and the ray f = a, x, by the ray 
f= a** x4? 

So far we have not succeeded in finding a single example to refute 
this suggestion when some easily satisfied conditions are laid on the 
function f(z). But it has been found possible to prove this assertion 
only for systems of the second order, or for separate special cases 
of systems of higher order, although the attention both of mathema- 
ticians and of engineers have been attracted to the problem. 

When the initial system contains non-linearizable non-linearities, 
the situation is considerably more complicated. Up to now we have 
not succeeded in finding general methods enabling us to construct 
a linear model in these cases too, in order to answer the question of 
whether the stability of the linear model indicates the stability of the 
original system, even if only the ‘‘slight’”’ stability. We have succeeded 
in solving only a number of special non-linear problems with respect 
to non-linearizable non-linearities. These solutions show that some- 
times the presence of non-linearizable non-linearities leads to the fact 
that it is not possible to judge the stability of the system even for 
“slight” stability from the stability of its linear model, if the non- 
linearizable non-linearities were rejected during its construction (for 
example, dry friction in the sensor of an indirect action controller). 
However, cases where the non-linearizable non-linearities tend to 
favour the stability of the system are also known. 
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9. Concluding Remarks 


When the linear model of the given system is given by its equation 
of motion (transfer function), we judge the stability of the linear 
model from its characteristic equation. This equation is obtained by 
equating the denominator of the transfer function to zero. To judge the 
stability itis most convenient to use a reduction which successively lowers 
the degree of the equation (p. 181), or to reduce the Hurwitz deter- 
minant to diagonal form (p. 176— 179). The region of stability for one or 
two parameters which enter the characteristic equation linearly can be 
found by the relatively simple construction of the D-partition boundary. 

When the properties of the linear model of the system are given 
by its amplitude-phase characteristic (or its amplitude and phase 
logarithmic characteristics), an estimate of the stability of the linear 
model can be made directly from the graph of these characteristics. 
But then in the case of non-linear, linearizable systems the question 
about the validity of such judgements even for small disturbances 
remains open. The results of such an analysis are unconditionally valid 
only when the original real system is linear for all possible ranges of 
change in all its generalized coordinates. 

If the investigation results in establishing the instability of the 
linear model, then a number of qualitive considerations about me- 
thods of ensuring stability can be made without further calculation. 
For this we use theorems concerning structural stability, or concerning 
the critical coefficient of amplification and methods of increasing it. 
In particular, in a structurally-unstable system to ensure stability 
requires, above all, a change in the structural scheme. If the scheme 
is structurally stable, but for the given values of the parameters 
stability does not exist, then by a sufficient decrease in the coefficient 
of amplification stability can always be secured. In doing this, in 
order not to increase the static error of the system (if the system is 
static) past its admissible value, it is necessary to increase the range 
between the extreme values of the time constants. To this end deri- 
vative action is unconditionally effective for systems of the third order 
(with first derivative action) and for systems up to and including 
the fourth order (for second derivative action). For a higher order 
system the use of derivative action requires great care: excessive 
(or sometimes any) derivative action can only interfere with the 
stabilization of the system and worsen the conditions of its stability. 
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In concluding the analysis of stability, it is necessary to remember 
that the stability of the linear model of the system is verified, but by 
no means that of the actual system. Only experiment and experience 
of operation prove whether the computational linear model was 
reasonably chosen, and whether a linear analysis is generally suitable 
for the investigation of the stability of the system. Only the accumul- 
ated experience of calculation of systems of a defined type enables 
us to choose the computational model with confidence, to estimate 
beforehand what we may or may not ignore in its formation. 


CHAPTER IY 


THE CONSTRUCTION AND EVALUATION 
OF THE PROCESSES IN THE LINEAR 
MODEL OF A SYSTEM OF AUTOMATIC 

CONTROL 


1. General Considerations 


Until now we have only considered the conditions of stability 
for the linear model of a control system, and not the character of the 
control process. Obviously, the presence of stability is not a sufficient 
condition for the normal operation of the system since, for example, 
the damping of the oscillations may be too slow or the deviations 
in the controlled coordinate during the control process may exceed 
the allowable limits, and so on. 

In automatic control assemblies great importance is attached 
to the study of the transient process during the transition from one 
set of conditions to another (for example, when the load is altered). It is 
then no longer possible to regard the deviations as small, and the in- 
vestigation of the transient process requires an analysis of the initial 
non-linear equations in considerably greater measure than does the 
investigation of stability. The construction of the process in the linear 
model enables us to evaluate the process in the real assembly only 
for small disturbances, and also only if all its elements are linearizable. 

For this reason, we give below only a short account of some 
questions connected with the construction and evaluation of the 
quality of the control process in the linear models of control systems. 

The control process is called into action by external disturbances 
applied to the system. In order to construct the control process or 
to evaluate it, it is first of all necessary to elucidate the character of 
the external actions causing the process. 
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(a) External actions 


There are three forms of external disturbance, depending on what 
external action is stipulated, namely: load, tuning, or noise. 

The load is an external action applied to the controlled object, 
independently of the controller and stipulated by a change in the 
operating conditions of the controlled object. 

The tuning includes those disturbances which are applied de- 
liberately to any element of the controller with the purpose of 
changing the value of the controlled coordinate maintained by the 
controller. 

Noise consists of those external actions on the separate elenients 
of the controller cr controlled object which are not necessary for nor- 
mal operation of the assembly but which exist only because toey 
cannot be removed from its construction. 

Thus, for example, in the variable speed controller of a trans- 
pert diesel, assembled in an automobile, the change in tractive 
force transmitted to the engine is the load, the action of the driver’s 
foot on the accelerator transmitted to the controller is the tuning, 
and the action transmitted to the controller as a result of 
shaking, vibrations of the engine, bumps in the road and so on, 
is the noise. 

In an electronic controller, controlling the supply of a steam- 
boiler, the actions arising as a result of a change in the selection of 
steam by the user is the load, the action on the setter of the controller 
made in order to change the maintained level is the tuning, and the 
actions arising as a result of noise in the amplifier valves constitute 
the noise. 

In most cases the external disturbance of any of these three forms 
is a complicated function of time, and in control theory we are very 
rarely given the task of determining the reaction of the system to 
external actions given by functions corresponding exactly to the real 
disturbances acting on the system. If the disturbances were known 
beforehand, the problem of control would be greatly simplified and 
would be replaced by the problem of compensation of the disturbance. 
But usually the external actions cannot be exactly defined beforehand, 
and the problem is simplified by the idealization of the disturbance, 
i.e. by replacing the real disturbance by a simpler, typical, function 
of time. 
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The most commonly used if such typical functions of time are 
the unit function* J, the product of the unit function and a sinusoid, 
1 Asin ot, and the product of the unit function and the exponential 
1 Ae”. 

The function f(t) = 1 A sin wt is used when the external action 
on the system is periodic.** The steady oscillations of any coordinate 
(including the controlled coordinate) are completely defined by the 
amplitude-phase characteristic of this closed system. 

The function f(#) = 1-A is used when the process is caused by 
an increase or decrease in the load on the controlled object, by a rapid 
displacement of the controller setting mechanism, and so on. Control 
processes caused by external actions of thiskind are called transient***. 
For linear systems, the processes caused by an action of the form 
f@) =1.-A differ from processes caused by the action f(t) = 1 only 
by the scale along the y-axis being increased A times. Hence, in the 
construction and evaluation of transient processes we can restrict 
ourselves to the consideration of unit action f(t) = 1. 

The main content of this chapter consists of methods for the 
construction and evaluation of transient processes. 

The function 


f@ =1-A(l — e™), (4.1) 


where r is positive and A is any constant quantity, is used when 
the external action builds up smoothly. As an example, we may take 
the slow readjustement of the controller, the gradual removal of the 
load from the object, and so on. 

If we know the transient process, it is easy to construct the pro- 
cess caused by the action (4.1). 


* Functions 1 such that Z= 11 leteo 


The product 1 - f(t), used below, is the function which is equal to zero for 
t< 0 and equal to f(t) for ¢ > 0. If the disturbance is expressed as such a pro- 
duct, then this means that it does not exist until + = 0, that it first acts on the 
system at the moment zt = 0, and that, later, it is expressed by the function 
f(t). In the theory of servomechanisms, in addition to the functions given in 
the text, the products of the unit function, with a linear function and with 
various parabolas (i. e. Iki’ where r = 1, 2, ...) are also used. 
* For example, several forms of noise, including vibrations transmitted 

to the body of the instrument. 

*** TF we know the course of the transient process defined in this way, 
we can construct the process in the same system for any other action, 


are called unit functions. 
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In some cases, in particular when calculating the influence of 
noise, the substitution for the true disturbance by some typical function 
is of no use. Noise, and sometimes loads too, change discontinuously 
and in a random manner. It is expedient to evaluate such disturbances 
bv using their static characteristics. Of course, as a result of the cal- 
culation in these cases we obtain only the static characteristics of 
the process caused by these disturbances, for example, the mean 
square deviation of the controlled parameter (see Section 8 of this 
chapter). 


(b) Parameters characterizing the quality of the transient 
process 


Usually the following restrictions are placed on the transient 
process : 

1. The transient process must be completed in a certain time 
t,, called the settling time. In theory, the transient process in linear 
systems is continued for an unlimited period. In practice, however, 
the transient process is completed as soon as the deviation in the 
controlled parameter does not exceed some defined limit. 

In the case of static systems we often consider that the transient 
process is completed at the instant of time at which the value of the 
deviation of the coordinate differs from the steady value by not more 
than 5 per cent of the static error. 

For astatic systems we regard the transient process as completed 
when the coordinate value does not exceed a definite part of its 
normal value, the fractions indicated often being considerably less 
than 5 per cent. 

2. The greatest deviation in the controlled coordinate of the 
control process from the value which must be set up after the comple- 
tion of the transient process must not exceed an allowable quantity: 

In static systems, the greatest deviation of the controlled co- 
ordinate during the transient process, of the same sign as the static 
deviation, is sometimes called the overshoot. Usually not only over- 
shoot but also the total greatest deviation in the controlled coordinate 
whatever its sign is Important. 

Overshoot is often estimated in percentages of the static error 
caused by the same disturbance. 
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For astatic systems the term overshoot formulated in this way 
is inapplicable. In this case we speak of tne largest dynamic deviation, 
meaning by this the greatest deviation of the coordinate from the 
standard value (in percentages) during the transient process. 

Figure 145 shows the boundary of the region inside which the 
transient process can lie when it satisfies the above two requirements. 

Sometimes additional conditions are laid on the course of the 
transient process: for example, we can require that the process be 
monotonic or that the number of oscillations during the process be not 
greater than a given number, and so on. 


x ft) 
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If methods existed for the exact estimation of the above basic 
parameters, characterizing the quality of the process from the form 
of the differential equations, then there would be no need to carry out 
completely the integration of these equations. Such methods have not 
yet been devised, and although it is often not important to know the 
shape of all the integral curves, but only some parameters charac- 
terizing their shape, the only completely reliable method at present 
for calculating these parameters consists in the construction of the 
integral curves. 

To construct the curve of the control process for some fixed values 
of the parameters, it is necessary to perform labour-consuming cal- 
culations. To select the optimal values of the parameters these cal- 
culations must be repeated many times. As a result a particular 
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importance is attached to various approximate and indirect methods 
of evaluating the process, which do not require the construction 
of the integral curves. 

In proceeding to an account of the methods for constructing 
and evaluating the transient process, we will assume everywhere in 
this chapter that the given system is stable. 


2. The Construction of the Process from the Transfer Function 
of the System 


(a) Description of the method 


For any automatic control system the Laplace transform of one 
of the system coordinates can be written in the following form* : 
A,(p) S(p) _. Alp) 


Lfat)) = Wp) Lif] = B, (p) Rip) == Bp)” (4.2) 


A 
where W(p) = aa the transfer function of the system (from 
1\P 
the given point of application of the external action to the coordinate 


is the Laplace transform 


S (p) 


i(p) 
1s a rational, fractional function of p). 
The change as a function of time of the coordinate x(t) caused 
by an action f(é), from the second theorem of the Heaviside expansion, 
is defined by the function* 


x we are considering), and £ [7 (t)] = 


8(p) 
(p 


of the external action (for the typical actions listed above 


f PS) 


. A (Dx) ePtr (4.3) 
k=1 B’ (Dy) 


where p; is a root of the equation B(p) = 0 (we assume that there are 
no repeated roots). 
When f(t) = 1, we have: 


X= 


LY Ol=—, B (p) = pB, (p), A (p) = A, (p), 


* See Appendix 1 (p. 489). 
* See Appendix 1 (p. 489). 
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where 6, (p) is the denominator of the transfer function W(p). By 
putting £6, (p) equal to zero, we obtain the characteristic equation 
of the system. In this particular case, instead of (4.3), we obtain 


y= A, (0) _ S A, (Px) ePut ; (4.4) 
Bi(0) — f1 Dy By (Dx) 
A, (9) . aor 
The term B,(0) determines the steady deviation; each term 
1 


corresponding to the real root of the characteristic equation gives an 
exponential function of the form 2; = A; e?*, and each pair of terms 
corresponding to a pair of complex conjugate roots py, De+1 = A, Ht Py 
gives a function of the form 


vy = A;e" sin (pt + Pj). 


Formulae for the calculation of A; and 9; are given in the Appen- 
dix.** 

The problem of the construction of the transient process is then 
reduced to the calculation, first, of all the roots of the characteristic 
equation, and then of all the coefficients A; and ;. It is then necessary 
to construct the exponential functions, the product of the exponential 
and trigonometric functions and to sum the ordinates of the construct- 
ed graphs of these functions corresponding to the same values 
of ¢. The greatest difficulty here is caused by the approximate deter- 
mination of the roots of the characteristic equation. 

If the external action is different from f(f) = 1, the process tends 
to equation (4.3) for which it is necessary to know the roots of the 
equation 


B(p) = B, (p) R(p) = 0. 


But for typical actions the roots of R(p) can be determined at 
once, since A(p) is a polynomial of the first or second degree. In this 
case the difficulty consists in the determination of the roots of the 
characteristic equation B, (p) = 0. Of the many methods used for 
this purpose, we describe one iterative method. 


** See p. 491. 
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(b) An iterative method for the approximate calculation 
of roots of the characteristic equation 


We consider the characteristic equation 
E(p) = p? + Qy prt as pepe. HU Pt+a,=90, (4.5) 


where d,, Gs, 23, ---, dn are real numbers such that all the roots have 
a negative real part* (the system is stable). 

It is required to find the approximate values of the real and com- 
plex roots of this equation. To do this, we divide equation (4.5) by the 
polynomial 


Fy (p) = pr + (a, -- a) pr = (dy — B) p?F +... 7 (Any — ); 


where a, Pp, ..., @ are as yet unknown constants. 
Having done this division, we obtain a quotient 
pra 


and a remainder 
[8 — a(a, —a)] pp"? + ...+[a,—a(a,_,— o)].- 
We denote the remainder by F’, (p). Then 
F(p) = (p + a) Fy (p) + F, (p). 


If the division results in no remainder —a is a root of the equation 
F(p) = 0. 

If we make F, (p) identically equal to zero, and from this con- 
dition find a, B, y,..., @, then a will be the first root of the equation: 
F(p) = 0. To find it, we equate to zero all the coefficients in F, (p) 
separately. As a result we obtain the system of equations 


a, 
i —— a 
Q,4—@ 
b=a(a,—a), 
y = a (a, — f), (4.6) 


6 =a (a3 — y), 
W =a (a,.—T). 


* The method is correct if the multiplicity of the real roots in (4.5) is not 
greater than two, but there can also be several pairs of repeated complex 
roots. In practice, this restriction is unimportant, since by a small change in 
the coefficients (which are all determined equally approximately) we can avoid 
multiple roots. 
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The determinaticn of the root a reduces to a simple iteration. Putting 
» = 0 we obtain from the above formulae : 


p, =a, (a, — a,), 
71 = Ay (2g — 2) ’ 
0, = a, (a3 — 74), 


W, = a, (2,2 — 7) : 


We arrive at @ = w, * 0. Hence, the arbitrary hypothesis that 
@ = 0 was incorrect. 
Putting now w = o, we obtain 


an 
08 nay = @, ” 
By = ay (a, — 2); 
Vo == Ay (a2 — Ba) ; (4.7) 


Oy == Gy (3 — Ye); 


Ws, = Og (An, — Ty) . 
If w, = w, then a, is a root of the given equatio. But if a, @,, then 
the iteration procedure continues. 
ExampuE. We consider the equation 
vw + 6-322? + 27-52 + 31:6 = 0. 
Let us put a, = 6°32, a, = 27-5, a, = 31-6. 


To determine the first root we make use of the formulae (4.6) and (4.7) 
given, above. We rewrite them for an equation of the third degree: 
a3 


GB’ B= a (a, —@). 


Ao 


a= 


Putting §, = 0 we obtain 


31-6 


“= OTE 


= 1-15, B, = 1-15 (6-32 — 1-15) = 5-95 . 


If we put £, = 5-95, then 


31-6 


SERGE UAT: Ba = 147 (6:82 — 1-47) = 712. 


ad, = 
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31-6 we > __ 7 eH 7 p.a9 ~~ = 
a, = BS L7D 1.55, 9, = 1:50 (6-32 — 1.55) = 1-4. 
If fp, = 1-4 we obtain 
1-6 _ —_ - 
ay = > 7 a S157, By = 1-57 (6-82 — 1-57) = 7-48 
Noting that 8, -v Bz we stop the iteration process. Hence a = —1-d7 


is the approximate value of the root of the given equation. In this case 


Fy(p) = x? + 4-752 + 20-02 = 0. 


The roots of this quadratic equation are the other two roots of the original 
third degree equation. 


If the iteration diverges, this means that the nearest root to the 
imaginary axis is complex, and the iteration must be done in another 
way. We must now divide F'(p) by a polynomial of degree two lower 
than itself (since we now determine two roots at once) : 


F';(p) = p"~* + (a, -— a) p"-3 + (a, — B) p?~* + (a3 — y) p™F + 


: 4 (Qn-3 — @) P + (@n-2 — T)- 
Then 


F(p) ={p? + ap + [B — a (a, — a)}} Fg (p) + Fy (2), 
where the remainder after the division is 
Fy (p) = {y — 4 (a, — B) — (a, —a)[B—a(a a,—a)]$pr-3+ .. 
. + a, — (2,2 — T) [6 —a(a, — a)]. 


If F, (p) = 0, then we can factorize F(p) into the factors F', (p) and 
pap + [B — a (a — a)]. 


Solving the quadratic equation 
p’ +ap + [B —a (a — a)] = 0, 
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we find the two complex roots of the equation Fl») = 0. From the 
condition f,(p) = 0, equating all its coefficients to zero, we obtain 


a system of equations determining the quantities a. 3.7. 6...., 17 
a a. {a._; — 6 
c= n—] ” { 13 
Q.2—t (a,-9—T)? 
° a. 
p= a(a,—a) — - 
aAp_95 — T 
(4.8) 
a 
7 = U (a, — B) - —“2— (a, — a), 
Ap» — 
— a a, a) 
= a (a3 — 7) — (a, — p). 
n-2 — T J 


Now the iteration continues as follows : 

Putting t = O0and o = Oin the first equation, we find a ; putting 
this value of a and v == 0 in the second equation we find 6 and so on ; 
continuing this process we find the values of o, and 7+,. Using these 


values we find the second approximation to the values of a, f,7,..., T- 
This operation is continued until the iteration converges. 
Having determined the values of a, f, y,..., tin this way, and 


having solved the quadratic equation 
pe +ap + [p—a(a,—a)]= 9, 


we find the two complex roots of the equation F' (p) = 0. 

The remaining roots are found from the equation F, (py) =0 
by a similar iteration process. If the distribution of the roots is not 
known, then we begin the process of iteration by applying the for- 
mulae for determining real roots.; if the process diverges, then we 
apply the formulae for determining complex roots. 

Table 14 gives ready formulae for the determination by iteration 
of the roots of equations of up to and including the sixth degree. With 
the help of these formulae we can determine the smallest or largest 
(in modulus) root. Having found it we can reduce the degree of the 
equation and use the given formulae again. 

The described iterative method is convenient in that the roots 
are determined in sequence from the smallest to the largest in modulus. 
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TABLE 


THE DEIERMINATION OF THE ROOTS OF 


Form of Equation Distribution of Roots 


Root smallest in modulus is 
real 
Third degree 
wa, 2? +-a,2 +a, =6 
Roots smallest in modulus 
are complex conjugates 


Root smallest in modulus is 
real 


Fourth degree Roots smallest in modulus 
at a, 2 + a, a? + a, © + are complex conjugates 
+a,=0 or both real 
Root largest in modulus is 
real 
Root smallest in modulusis 
real 
Fifth degree 
vo +a, vt + a, 28 + aa + 
+ Os =—= 0 


Roots smallest in modulus 
are complex conjugates 
or both real 
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XTV 


ALGEBRAIC EQUATIONS BY ITERATION 


Working Formulae 


_ __ 4 
a= dp 2 
P = a(a, — a) 
_ Oy as 
- a@,—-a  (a,—a)* 
a= vs ; 
a3 — 7 
§ = a(a, — a) 
} = a(a,— B) 
a= a3 a,(a, — a) 
d,—p (a, — )° 
a 
22 _ a ee 
° a,—a (a,—a)® ' 
as 
T @,—aP 
a= as ; 
a,—o 
= a(a, — a); 
= a(a,— f); 
6 = a(a,—y) 
a= — 4 — a5(@_ — B) bd 
a3g— VY (a, —y)? 
a 
B = a(a,—a)+ ab a ’ 
3 
a 
y == a(a,— B)+ hny 79 
3 


or other formulae, obtained from 
the system of equations (4.6) 


Expansion in Factors 


a 


(x — a) [z? + (a, —a) x + a,—f] 


[x* + (a, —a) @ + a,— BX 
x|etert otal 


Qe 


(+a) fe 
+- (a, —a) # + (a, — B) 2? + 
+ (ag—y)%-+a,— 6] 


[#-+a2+ 4 


[a3 + (a, — a) @? -f (ay— B) @ + 
+ a,—y] 


—_—_———— 
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TABLE XIV 


THE DETERMINATION OF THE ROOTS OE 


Form of Equation Distribution of Roots 


Root largest in modulus is 
real 


Fifth degree (contd.) 
2§+ta,o!+a,x? + a, 2 + 
+ 4,2 -+-a;=0 
Roots largest in modulus 


are complex conjugates 
or both real 


Root smallest in modulusis 
real 


Sixth degree 
e& +a, 25 +a, x4 + a, v3 + 
+ a,c? -+a,¢-+a,=0 


Roots smallest in modulus 
are complex conjugates 
or both real 
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(contd.) 


ALGEBRAIC EQUATIONS BY ITERATION 


Working Formulae Expansion in Factors 


(7 +-a,;—a)X 


e= _ G2 — _ 43 as f 1 3 2 
aa (aay x {ot +028 + [a,—a(e,—a)}* 
— 94 + {23 — (a,—2) [@_—a(a,—a) ]} a+ 
"Gar @— a ay 
tas] 
1 
a Ast+a,(a,—a) , ! 
= a,—B -_ a, — B)? Ty [w? ++ (a; —a)v-+a,—B]X 
, (a, — a)*a; x {2-paat + 
aa ++ [8 —a(a, —a)]x 
B = a(a,— a) + “Oy 
4 a  (a—a)as x er | 


a 
= as—7 ’ 
B = a(a,— a); (2 -+ a) [25 ++ (a, — a) of 
y = a(a,— B); -+- (a, — B) 2? + (a, — y) w+ 
6 = a(a,— y); + (a,— 6)" + a,— 7] 
n = a(a,— 0) 
oe 5 3 — Y) 
a4 — (a, — 6)? 
° a, 

B = a(a,— a) + er, ; [eae ts] x 

x [v4 + (a, — a) v3 + 
y= alas P) a,—5 3 ++ (a_,— B) 2? ++ 
Y= ala— 7) SAS (eB) + (a) #-+ 4 — 8} 


or other formulae, obtained from 
the system of equations (4.6) 
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Often the transient process is determined with great accuracy from 
the first two or three roots. and then the iterative method of cal- 
culation of the roots proves to be very economical. 


(c) General remarks about the method 


When all the parameters of the system are chosen and the de- 
termination of the roots of the equation is onlv a verification stage 
in the calculation, the method described above, after some practice, 
may be performed quickly. But when a constructed process proves 
to be unsatisfactory, the method described does not give any advice 
as to how the parameters of the system must be changed in order to 
improve the control process. Indeed. the equation of the process, 
(4.4), depends in a complicated way upon the roots of the charac- 
teristic equation, the dependence of these roots on the coefficients 
of the equation being unknown, and these coefficients themselves 
depend in a complicated way on the parameters of the given system. 
This makes it necessary to seek ways of constructing the control 
process which do not involve calculating the roots of the charac- 
teristic equation. 


3. A Graphical Method of Constructing the Control Process 


The control process can be constructed without a preliminary 
calculation of the roots of the characteristic equation with the help 
of various graphical methods of approximate integration of the control 
process equations. 

The singularity of control systems consists in the peculiar ‘‘chain”’ 
structure of the system of equations describing the process: each 
element of the system acts on the following element or on an inner 
loop which itself consists of a sequential chain of elements. In order 
to construct the processes in systems having a similar structure, 
it is convenient to use a graphical method based on a known method 
for constructing exponential functions. A description of this method 
is first made in the construction of an exponential curve, and then 
the construction of processes in separate elements of the control chain 
is described, and, finally, in the chain as a whole. 
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(a) The construction of exponential functions 


The method we describe for constructing the exponential curve 
is based on the following properties of this function. 

Property I. The ratios of the ordinates of points equidistant from 
one another are equal. 


Let us assume that we are given the exponential function 
t 


TT 
xr=C"’e -, 


Fie. 146 


Let A, B, = B,C, (Fig. 146), ie. if the abscissa of the point A is 
equal to t,, then the abscissa of the point B is equal to 7, + Af, 
and of the point C to rt, + 2 4¢. Let us draw a secant through A and 
B, and also through B and C. We find the ordinates of the points A, 
Band C: 


AA, =-> C’ é T 3 
_ T+A4t 
BB,=O’e 7 
1—v @ ’ 
T+24t 
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Calculating the ratios Ad; and BB, we obtain 
BB, CC, 
At 
aay BP e” = const. 
BB, CC; 


Property II. Secants drawn through points equidistant from one 
another have equal projections. 


On the basis of Property I, we have the equation 


AA, _ BB, 
BB, CC, 
But 
BB, = AA, — AG 
and. 


Cc C1 = B B, _- BEF. 
From the triangles ABG and ACF we have 
AG = At tan g, 
and 


BF = Attangq,, 


where gy, is the angle between the first secant and the x-axis, and 
Q, is the angle between the second secant and the z-axis. But 


tan y, = AA, 
A,E 
and. 
BB 
tan 9, = i. 
Po D 
Hence 
Ad, BR, AA, BB, 
BB, CC, AA,—AG  BB,—BF 
— — 441 BB, 
44,—-24. 4 pp, — PP a 
A, H 


1 1 


Ww 
wT | 
rae 
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whence we obtain 


pat yt 
AE B,D 
or 
A,E=B,D. 


Property III. The projection drawn through two neighbouring 
points is approximately equal to 


pe ft 
2 
We determine the length of the projection. 
From the similar triangles 4BG and AA, H we can write the 
following equation: 


AA, AG 
A,E At 
which gives 
| 8 | 
A,E= 4A, 4, C’e ° At __ At 
AG _ _. Tot At ~ 4 
C’e 7—OWe 7 l-e 7 


The right-hand side of this equation can be expanded in a series of 
ascending powers of 4é: 


At 


4,B=0+S)1+ 78-8 2. 


6! 7! 
where 


EL =—. 
T 


Restricting ourselves to the first two terms of the expansion, we ob- 
tain a final formula which determines approximately the length of the 
projection : 
At At 
A 1 EH = ry To FY T + > ° 


l1—e 7? 
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The smaller the selected intervals _If, the more accurate the result 
will be. 
In practice it is sutticient to take 


l \ 


5 10 


We can now proceed to describe the construction of the exponen- 
tial function. 


Fie. 147 


Let us assume that it is necessary to construct the exponential 


t 
t,=C,e 7. 
We will make the construction in Cartesian coordinates. Along the 
ordinate axis we put x,, and as abscissa we take ?. 

Let us divide the t-axis into intervals equal to At, such that 
At<T, and T, =n At, ie. so that 7; is a multiple of the interval 
At. We halve each of the resulting intervals. 
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We begin the construction by measuring a segment equal to 
C,, along the x,-axis from the origin, and along the f-axis. the segment 
(Fig. 147). 
At 
T,. — eT 2 
5) 


The two points we obtain are joined by a straight line. rom the point 
with abscissa 1 4¢ we produce a line parallel to the y-axis, to intersect 
the straight line we have just constructed. 

The point of intersection. 7, which we obtain will be a point of 
the required exponential. 

Then, along the t-axis we mark off the segment 


At 


Through this point and the point of the exponential found in the 
previous construction we draw a second straight line. From the point 
with abscissa 2 4¢ we produce a straight line parallel to the x,-axis, 
and so find a second point of the exponential. Repeating the con- 
struction, we find all the remaining points. 

An example of this construction is shown in Fig. 147. 


(b) The construction of the transient process for one single- 
capacitance stage 


We consider a single-capacitance stage, at whose input a unit 
disturbance A - I acts (Fig. 148). 
The differential equation is written in the form : 
dz, 


T at Mout = FAT. 


Integrating this equation, we obtain the equation of the transient 
process for the output coordinate of a single-capacitance stage 


~h 


Lout = kA (1 — e Ty. 


For ¢ = 0 out = 0, and for t= © ay = kA = Ay. 


ot 
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Removing the brackets on the right-hand side, and taking the 
quantity 4, to the left-hand side. we can rewrite the equation of the 
transient process in the following form : 


— 


Lout — A, —= Ay € 


. At At »~ At At At rae 
ead we oe | gat | sae | 54t | B4t | 74 | 8at 
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Hence, in order to construct the transient process we must 
construct the exponential function 


az 
T 


Lout = — A, € 


and then shift the ordinate axis to the point A,. 

_ It is convenient to shift the axis from the very start. To do this 
we cut off a segment equal to A, on the x,;-axis (Fig. 148). Through 
its end-point we draw a line parallel to the t-axis and from A, mark off 


At ; 1s ; ; 
a segment equal to Z'+ 3° On it. We join the resulting point 


to the origin of coordinates. From the point with abscissa J At we 
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produce a line parallel to the +,,,,-axis to meet the earlier constructed 
line. Their point of intersection, Z, will be a point of the required ex- 
ponential. On the straight line through 4, we mark off the segment 


At 
T —3 > from A,. We join the end-point of the exponential which 


we have just found by a straight line to the previous point on the 
exponential, and then from the point with abscissa 2 1! we produce 
a straight line parallel to the 2,,,-axis. The point of intersection of 
these two lines will be another point of the exponential. Continuing 
in this way we find its other points. This construction isshownin Fig. 
148. 


(c} The construction of the process for the output coordinate 
of a single-capacitance stage with an arbitrary disturbance 
f(t) at ats input 
We assume that an arbitrary disturbance f(t) acts at the mput 
of a single-capacitance stage. Let this function be given by a graph. 


We divide the t-axis into segments 4i such that dt <T and 
T' = n At. In addition, these intervals 4¢ must be small enough for 


fit) 


84t Gt At Mat 12At 
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fit) to be represented with a sufficient degree of accuracy by a broken 
line (Fig. 149). We shift the graph of f(¢) along the f-axis by an amount 
a 
2 

We join the first point of the curve by a straight line to the origin 
of coordinates and by the construction given above find on it a point 
belonging to the required transient process. We find the next point 
of f(t) at a distance It from the first, and joining it to the point found 
previously by the same construction, we find the next point of the 
curve of the transient process. Repeating this construction, we find 
the whole curve. 


An example of this construction is given in Fig. 149. 


(d) The construction of the transient process for an open 
network of single-capacitance stages with a unit disturbance 
A-J1 at its input 


Let us consider an open circuit of single-capacitance stages, at 
whose input the unit disturbance A - 1 is applied (Fig. 150a). 

The construction of the transient process for the first stage 
differs in no way from the earlier construction for a single-capacitance 
stage. 

The construction is as follows : 

1. We construct the transient process for the first stage of the 
circuit in the same way as if it were by itself. 

2. We use the resulting curve of the change in the output co- 
ordinate of the first stage as the disturbance for the second stage. 

3. In the same way we repeat the construction for the second 
stage. The deviation of the output coordinate of the first stage at 
the end of the /th interval becomes the disturbance for the second 
stage for the whole of the (J + 1)th interval. 

A similar construction is made for all the remaining stages. 

This construction can be made at the same time for all the 
stages for any one interval. 

Let the deviations of all the coordinates in the /th interval be 
known. Then, to find the deviations in the (J + 1)th interval, we make 
the construction described above, taking the value of the external 
disturbance at the end of the /th interval as the action on the first 
stage. 
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The output coordinate of the first stage +, at the end of the 
lth interval acts on the second stage. 

The output coordinate of the second stage at the end of the /th 
interval acts on the third stage. and so on. 

The construction is given in Fig. 1506 for a circuit consisting of 
three single-capacitance stages. 


\\ | 
h\ 
ie 
AN 

\ 
\ 


0 
a) 


WAN 


Fig. 150 


(e) The construction of the transient process for a closed 
circuit of single-capacitance stages when the unit disturbance 
f(é) = 1 is applied at ats input 


Let us now consider a closed circuit of single-capacitance stages, 
at whose input the unit disturbance f(t) = 1 is applied. 

For all the intermediate stages, the construction of the transient 
process will be made according to the rules developed above. 

The only difference is in the construction of the transient process 
for the output coordinate of the first stage. 
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As the disturbance of the first stage for the (/ ~ 1)th interval, 

we must take the difference between the magnitude of the external 

disturbance at the end of the /th interval and the magnitude of the 

output coordinate of the circuit at the end of the (/ — 1)th interval. 
An example of this construction is given in Fig. 151 for the case 

when f(t) = 4-7. 


A 
mans ="22¢ 
_— 
gone ad A out out 
A.T Xouty * out, 
oat, } 
gd 
At edt aheAt test edt reat best bead ° 
b} 
Fie. 151 
(f) The construction of the transient process 
for an astatic stage 
We now pass to the consideration of the astatic stage 
dx 
T out = Lins 
di 
To both sides of this equation we add 2,1: 
TT Aout 


dt + out = Lin + Lout: 


A 
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Then the astatic stage can be considered as a single-capacitance 
stage. embraced by positive feedback (Fig. 152a). 

The construction of the transient process from the output co- 
ordinate of ap astatic stage is carried out just as if the stage were 
single-capacitance. but we regard not only the output coordinate 
of the previous stage, but also the output coordinate of the given 


mae 


4) 
Fie. 152 


astatic stage at the end of the previous interval, as acting at the input 
of this stage. 

Thus, to construct the value of the output coordinate of an 
astatic stage for the (J + 1)th interval, it is necessary to sum the value 
of the output coordinate of the preceding stage at the end of the /th 
interval and the value of the output of the latter stage at the end of 
the same interval. The point found by this construction is joined by 
a straight line to the point determined by the construction for the 
lth interval and by the usual construction we obtain the value of the 
output coordinate for the (J + 1)th interval. 

An example of this construction is given in Fig. 1520. 
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(g) The construction of the process in an oscillatory stage 


We assume that the given circuit contains an oscillatory stage 
(Fig.153@) : 


> 1 ro: , Aya: 
2 —- 7, pet 


di? dt 


—_ Vout = Mvp» 


Ba. 


Fie. 153 


We divide both sides of the equation by & and put 


12 = T T',. 
Then 
Ty Ty d? Hout 7’, AX out ° 1 
oe —_ ~—~— 7% =— Wins 
k di bo dt) po Min 
or 
dy 
Bia, TY = hn ———~ Vout » 
where 
Dy Aue 


THE CONSTUUCTION AND TEE EVALUATION 261 


Hence, the oscillatory stage can be replaced by a circuit consisting 
of two stages: one astatic and one single-capacitance. embraced 
by negative feedback (Fig. 1536), or by two single-capacitance stages 


aU Tf 
and—— embraced by negative 


T, I: 


feedback with a coefficient of amplification ——, the stage with time 


with time constants 7, = 


Tr... . . ws ; 
constant in its turn being closed with positive feedback with 


a coefficient of amplification 1 (Fig. 153c). In the construction we take 
into account that (because of feebdack) the difference between the 
output coordinate of the preceding stage and the output coordinate 
of the second single-capacitance stage, decreased / times, acts at the 
intput of the first single-capacitance stage, and that the sum of the 
output coordinates of the first stage for the /th interval and the output 
coordinate of the second stage for the (J — 1)th interval acts at the 
input of the second single-capacitance stage. 

The construction of the transient process In the case when a 
disturbance A - 1 is applied at the input of the first stage is shown 
in Fig. 153. 


(h) Additional remarks 


The construction we have described is widely used in the same 
way in systems containing unstable elements, more complicated in- 
ternal loops and derivative action. Any loop and any elements can be 
represented by a corresponding number of single-capacitance stages 
and by supplementary internal positive and negative feedback, and 
the construction of the process in a system containing loops, consisting 
of single-capacitance stages, for any disturbance given by a graph, 
is clear from the above description. 

In conclusion we note that the given graphical method for 
constructing transient processes enables us also to take some non- 
linearities existing in the given system of automatic control into 
account*. 


* A method similar to this is explained in: Popov, Ye.P., The Dynamics 
of Automatic Control Systems (Dinamika sistem Avtomaticheskogo reguliro- 
vaniya), Gostechizdat (1954). 
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4, The Construction of the Control Process from 
the Frequency Characteristics of the System 


(a) General remarks 


In cases when the properties of the system are given by its 
frequency characteristics, the control process for any given distur- 
bance can be constructed, starting from the frequency characteristics, 
without calculating the roots of the characteristic equation. For this 
purpose we find, first of all, the Fourier transform of the given co- 
ordinate of the system for the given disturbance.** 

Suppose that it is required to construct the change as a function 
of time of any coordinate (we shall call it the coordinate x, omitting 
any suffix) under the action of a disturbance f(#), applied at some point 
of the system. We denote by ©; (iw) the Fourier transform of the 
required function x(#). Then 


D¥ (iw) = D (iw) Ory (4) , (4.9) 


where ® (t w) is the frequency characteristic of the considered closed 
loop system from the point of application of the action f(t) to the co- 
ordinate x, Dy) (iw) is the Fourier transform or spectrum of the 
action f(t) : 


Dy (io) = { f() erm dt. (4.10) 


We recall that we obtain © (1 w) and ®yy (iw) by replacing p 
by 7 in the transfer function W(p) of the system, and in the Laplace 
transform of the function f(#) respectively. But in contrast to the 


integral defining the Laplace transform, the integral 5 fit) et at 
0 
has a meaning only if the function f(¢) satisfies the condition lim f(#) = 


t—» co 


== 0. We assume, moreover, that the function f(t) is bounded and con- 
tinuous for all ¢ > 0. Actions which satisfy this condition are called 
vanishing as distinct from non-vanishing actions which, remaining 
continuous and bounded for all ¢ > 0, tend to a non-zero limit as 
t—» co . As we shall show later, the Fourier transform can also be used 
for some non-vanishing actions, but this requires special consideration. 


** See Appendix I (p. 500). 
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If the Fourier transform @* (i m) for the coordinate x is calcul- 
ated, the required function z(t) is then determined by the inverse 
Fourier transform 

a(t) = — | D* (iw) ft dw. (4.11) 
27% 


— os 


(b) The construction of the process in the case of a vanishing 
disturbance 


If lim f(é) = 0, i.e. if the disturbance is vanishing, then the pro- 


tc 


cess can be constructed immediately from equation (4.11). For this 
purpose it is convenient to transform it as follows. 
We separate real and imaginary parts in Df (i w) 


Oz (2 w) = P* (w) + 2 Q* (w), 


and use Euler’s identity 


iw 


e" — coswitisinat. 


Putting these values in the product ®f (i w) e'! we obtain 


@* (ie) = [P* (w) cos a t — Q* (wm) sin wt] + 


+ 4[Q* (w) cos wt + P* (wm) sin wit]. 
Then 
+o 


v(t) = = [P* (w) cos wt — Q* (@) sin wt] dw + 


_— CO 


-+ oo 
+ — { [Q* (w) cos wt + P* (w) sin wt] dw. 
27¢ 


The function P* (w) is even, and the function Q* (w) is odd. The in- 
tegrand of the second integral is therefore odd and this integral is 
equal to zero. 


J [Q* (w) cos wi + P* (w) sin wt] =0. (4.12) 
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The real part of the above equation, therefore, defines x(t) : 


x (t) = A | [P* (w) cos wot — Y* (w) sin wt} dw. (4.13) 


Or 


Since we are only considering those functions f(é) which are equal to 
zero for all ¢ < 0 then x(t) = 0 for ¢ < 0. Taking ¢ to be positive, we 


replace ¢ by —t in (4.13) and equate x(f) to zero. 
t 
i { [P* (w) cos (wt) + Q* (w) sin (wt)| dw = 0. (4.14) 
Jt 


—co 


Adding equations (4.14) and (4.13) we find 


++ o 
x (t) = + { P* (w) cos at do. (4.15) 
a) 


But P* (w) is an even function. Therefore 
+00 “+ 090 
{ P* (w) cos at dw = 2 i) P* (w) cos wt da, 
— oo 0 ; 


and the integral (4.15) can be written in the following form : 
| 
| 9 +e | 
x (t) = — | P* () cos wt do (4.16) 
7 


0 


Subtracting (4.14) from (4.13) we obtain similarly 


ee eee ee 


co 


| 
| (4.17) 


x(t) =— =| @*(w) sin wtdw. | 
aa 
| rn 
The equation (4.16) defines the function 2(¢) in terms of the real part 
P* (w) of the Fourier transform of this function, which is equal to the 
product of the frequency characteristic of the system, W (tw), and 
the Fourier transform of the acting disturbance (i.c. its complex 
spectrum). 
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We recall that the above reasoning is true only if the given 
system is stable, if f(t) and a(t) are zero for ¢ < 0 and if the disturbance 
is vanishing. 

The problem is now reduced to the calculation of the integral 
(4.16) with the help of some approximate methods. We restrict our- 
selves to the description of two methods suitable for this purpose. 


Pw) 4a 


re a, Gd) Thabbhan Gg ran 
Wo 


Fic. 154 


Ist Method. We divide the w-axis into intervals 4 w (they can be 
unequal) and for each point of division we find the ordinate P* (w). 
We note that P* (w,) usually tends to zero as w —> oo . It is not usually 
necessary to take the whole range of the change in w. We take the 
point w, after which all Pf <0-1 Pq, as the boundary point (Fig. 
154). The integration will be made from zero to w, for all the inter- 
vals 4 a; : 


@, We 


9) » 2 . 
oi) =— | PE cos atde + — | P¥coswtdw +... 
Te I 


Wy 


a 42 \ P* cos wtdw. 
7 


On—i 
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Therefore 


x (t) =—[P3 (sin w, t — sin 0-f) + PF (sin w, f — sin wt) + 
a 


+ P% (sin w,t— sin w,t) + P# (sin@,t — sinw3t) +... 


+ P* (sin w,t — sin @,-,4)]- 
Collecting similar terms, we obtain : 
2 ye ; 
a(t) = — [(P#* — P¥)sin wo, t+ (P# — P¥)sinw,t + 
I 


+ (P* — P*) sin gt + (PF —- P#)sinwyi+ ... 
+ (P*_, — P) sin o,_,¢-+ P# sin w,, ¢]- 


In using this method to construct the process we need only use 
tables of trigonometric functions, but on the other hand, to construct 
one point we have to calculate a large number of terms (sometimes 
from 30 to 40) in order to represent the function P* (w), by a series of 
discrete steps, with the required accuracy. We can considerably re- 
duce the number of terms if we replace the curve P* (w) not by a step- 
function, but by a broken straight line with sloping sections. 

29nd Method. We replace the curve P* (w) by a broken straight 
line, describing the curve sufficiently well (for example, the line 
chbfe in Fig. 155a). We project the joins c, h, b, f, e etc. on to the 
y-axis. The links of the line and the projecting straight lines parallel 
to the z-axis then form trapezia and triangles, one of whose sides 
lies on the #-axis. The area between the broken straight lines and the 
a-axis can be obtained by summing the areas of these trapezia and 
triangles, taking the sign into account. Thus, the area bounded by 
the broken line chbfe for example, shown in Fig. 155a, can be obtained 
by subtracting the area of the trapezium dgfe and that of the triangle 
ahe from the area of the trapezium abfy. Of course, these areas are not 
altered if we displace the trapezia and triangles so that one of their 
vertices lies at the origin of coordinates, one of their sides lics along 
the z-axis and another side along the y-axis (Fig. 155d). 

As a result, the integral of P*(w) can be approximated by the 
integral of the broken straight line constructed to describe the curve 
P* (w) sufficiently well, and this integral in its turn can be replaced 
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by the sum or difference of the integrals of the curves bounding 
trapezia or triangles with one vertex at the origin of coordinates and 
with sides such that one lies along the x-axis and another along the 
Y-axis. 


A NL) 


Thus, in the case of Fig. 1556 


{ P* (w) cos wt dw z | (chbfe) cos wtdw = | (Z_\ gabf) cos wt dw — 
— \ (~ “.dgfe) cos wt dw — iy (Aach) cos wt dw. 
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Here, in the brackets under the integral signs we use the conventional 
notation for the broken straight line (Fig. 155a) whose equation and 
corresponding limits of integration must be substituted in the integral. 

The triangles with one vertex at the origin of coordinates and 
with two sides lying on the co-ordinate axes can be considered as a 
particular case of a trapezium whose base is equal to zero. 

The problem reduces to the calculation of the integrals for the 
trapezia. We denote by A (w) the equation of the curve bounding one 
of these trapezia. 


Fie. 156 


Then, on the strength of this reasoning we have 
9 jan 
x(t) a — | A; (@) cos wt do , (4.18) 
aa 
where the summation is made over all the trapezia. Let us calculate 
the integral 


i A; (@) cos wt deo 
0 
for one of the trapezia. 
Consider the trapezium BCDE (Fig. 156). 
The required integration will be performed along two straight 


lines: along CD for w going from zero to w,, and along DH for w 
from W, to wp. 
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The equation of the first straight line is 4 (w) = 7 = const. 
We find the equation of the second line DZ£. 
From the triangles ABH and DEF we have: 


R _ or 
w,+4, 24,7 
whence 
_ r(@, + 4,) 
2A, 
where 
A,= Oy Pa O,= Op “Fr Oa 
2 2 
Thus, the equation of DE is 
4 (o) = —-—— 4 1 (@1 + Ay) 
or 
A(w) = ’—(o + A, — w) 
2A, 


We calculate the integral : 
00 w,— 4, 
A(w) cos widw = r | cos wt dw + 

0 0 

®,-+-4, ai— 4, 

4 (wo, + 4; — ) cos widaw = 7 { cos witdw + 
2A, 
w,—- Ay 0 
wy+ A, ob ay 
+ — (a, + A,) | cos wi dw — wcosoldw = 
241, 24, 


o—d, ,— 4, 


(Wy 4, \o + 4y 


rs, 
== ———- sl wt 
t 


r 
——— (0) A,) sin wt 
+ 5747! yt 4,) 


0 1 
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wo +4, 


_ | cos wt + sin ot 
24, \# t 


Wy— A; 


— 
— 


—— 


oA? [cos (w, + 4,)# — cos (w, — A,) t] = 
1 


10, , 
— ——1_ sinw, fsin 4, t. 
4 A,? WW, 


But rw, = A, the area of the trapezium. 
Therefore 
r 7 in A,t 
[ A(@)eosatde = 4 Re Set (4.19) 
w, t A,t 
a 0 


We recall (see Fig. 156) that in (4.19) 


63) O CO, — W 
, = Lar Oo and A, =—?—“. 


2 2 


Putting (4.19) in (4.18) we obtain finally : 


ee ee ee ea _ 


2 sin w,t sin A,t | 
x;(t)=— »® A apne ae fe - (4.20) 
| 4 Tt A,t | 


w,t 


The summation in (4.20) is made over all the trapezia. 
For convenience in calculating processes with the use of this 


sin & 
formula, a table of the values of the function is given at the end 


of this book*. 

Let us now summarize what has been said in this section, listing 
the operations which we have to perform in determining the co- 
ordinate x as a function of time for a system under the action of va- 
nishing action f(t) (i.e. which has the property lim f(t) = 0. In order 

f-+ co 


to construct the process it is necessary : 
1. To compute the frequency characteristic of the closed system 
from the point of application of the disturbance f(é) to the coordinate 


* See Appendix 2 (p. 505). 
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2. To compute the complex spectrum (i. e. the Fourier transform) 
of the acting disturbance f(t). 

3. To form the product of the complex functions found in 1 and 2 
and to find its real part P* (o). 

4. To draw the graph of the scalar function P* (w) and to replace 
it by a broken straight line. 

5. To project the joins of this broken line on to the y-axis and 
to construct trapezia (or, in special cases, triangles) with one vertex 
at the origin of coordinates, and two sides lying along the co-ordinate 
axes, the sum or difference of their areas being equal to the area bound- 
ed by the broken line, taking sign into account. 

6. To calculate from formula (4.20) with the aid of the tables 
given in Appendix 2 points of the process for various values of f. 


(c) The construction of the process for a non-vanishing 
disturbance 


We consider now the case when a non-vanishing disturbance 
1 f(t) acts on the system, i.e. one such that limiIf(t)= A+ 0. 


t— co 


We form the function g (t) = 1f(t) — A-1. This function is 
now vanishing, since lim g (t)=0 and 1f()=o(@)+A4-1. 


t-—- co 


Any non-vanishing disturbance can therefore be represented 
as the sum of a vanishing disturbance ¢ (¢) and the function A-1. 
Because of the property of superposition* the process caused by the 
disturbance 7 - f(¢) can be constructed by adding the ordinates of the 
process caused by the vanishing disturbance ¢ (¢) and the ordinates 
of the process caused by the unit function 7 first increased A times. 
The construction of the process caused by a vanishing disturbance 
was described above. To construct the process caused by any non- 
vanishing disturbance therefore it remains only to explain a method 
for constructing the process caused by a unit disturbance. 

When there is a unit disturbance, on the basis of (4.9) we may 


write 


D* (iw) = D (iw) Dray (iw) = ae , 


* Sinco only linear systems are being considerod. 
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since in this case 
l 
@.., (tw) = —. 
FO tw 


Let 
D (tw) = P(w) +2Q (ow). 


Then 


— 4 
@ 60) 


0% (iw) - 2) _ ,; PO 


It is not possible to use these relations directly in equations 
(4.16) and (4.17), since the function ®* (2) obtained for the unit 
disturbance tends to - as w tends to 0. We therefore consider the 
function 

_ ‘») — P(O 
B (iw) = _? (jo) = P (0) (4.21) 
tw 


where P(0) is the value of P(w) for w = 0, and is, of course, constant. 
If we could have used formula (4.16) in the given case, then as a 
result of substituting in it 


P* (w) = Re ®& (1 w) 


we would have obtained the required function z(t). If, therefore, we 


now substitute in (4.16) the real part of the function ® (tw) (and 
this can now be done, since this function is bounded), we obtain 


——— 


not «(¢), but another function x(t) which differs from a(t) by the func- 
tion P(0)- 7: 


z(t) = 2(t)-—P(0)-1: 


0 
since the spectrum of the constant P(0) is equal to FO) 
tw 
We put 
Plo) ='ReD (ia) = 2) , 
w 
P (0) — P () 


Q (w) = Im @ (iw) = 


w 
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Putting this in equations (4.17) and (4.18) in place of P*(q) 
and using Y* (a) 


and 
a(t) = x(t) + P (0), 
for t > 0 we obtain 


x (t) == 2 | P (2) Sinwtdw | (4.22) 
an Qa) | 
° | 
and 
2 Q (a) . | 
x(t) = P (0) + — | coswitdw. | (4.23) 
ah 4d) | 


Thus, when the action on the system is a unit disturbance, the 
transient process can be expressed as the integral (4.22) or (4.23), 
where P (w) is the real and Q (w) is the imaginary part of the frequency 
characteristic of the given closed system from the point of application 
of the unit action to the coordinate x. In contrast to the functions 
P (w) and Q (w), used in the construction of the process caused by a 
vanishing disturbance, the functions P* (w)} and Q* (w) are determined 
only by the properties of the system, and do not include the spectrum 
of the action. 

In order to compute this integral we construct the graph of the 
real frequency characteristic P (w) and replace P (w) by the algebraic 
sum of several trapezia with one vertex at the origin of coordinates 
and two sides coincident with the coordinate axes : 


k 
P () =a > A; (w) ’ (4.24) 
jol 


exactly as we did above in applying the second method for constructing 
the process for a vanishing disturbance. 


bo 
~] 
> 
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Putting (4.24) in (4.22) we obtain : 


sin wt 


0-23 [20 doo , (4.25) 


where the summation is made over all the trapezia. 
Let us now consider in more detail one of the trapezia (Fig. 157) 
and the integral in the sum (4.25) which corresponds to it namely, 


a(t) = = ?(®) sin wt dw (4.26) 


8 


Wd Wy G) 


° Fig. 157 


The =e is completely defined by the three numbers 1), w, 
and x = —* (Fig. 157). 


The value of the integrals (4.26) can be tabulated and from this 
table we can determine at once the values of the integral (4.25) for 
any t. 

Such tables would not be very convenient, since for each ¢ they 
would depend on the three parameters x), w, and x. 

Because of this, we consider’ the unit trapezium, which has 
T. = 1 and wo, = 1 (Fig. 158). We denote this unit trapezium by /, 


bo 
—~ 
OV 
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and introduce the relation 


h(t)=—la, — 
av 62) 
0 


dw. (4.27) 


The integral (4.27) depends for each ¢ on the one parameter x 
and it is easy to tabulate its values. 

Carrying out the operation of integration in equation (4.27) we 
obtain : 


h(t) = = Si (xt) + woe si (t) — S (wt) + ea 


where 
z 
sin 2 
dz. 


Siz = 


ae 
0 


The values of A(t) for x from 0-00 to 1-00 and for ¢ from 0-00 to 26-0 
are set out in Table 15*. 

We denote by A(t) the value of the integral (4.26) for the given 
trapezia (for which the conditions t, = 1 w, = 1 do not hold). 


A 


0 & / ) 
Fra. 158 


* Thero is a much fuller table of the function h(t) in: V. V. SoLODOVNIKOV, 
Yu. I. Toroneyvrv, G. V. Krurrcova, The Frequency Method for the Construc- 
tion of Transiont Procosses with the Application of Tables and Nomograms 
(Chastotnyi motod postroyeniya perckyhodnkh protsessov s prilozheniyem 
tablits i nomogramm) Gostechizdat (1955). 
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TABLE 

TABLE OF THE 

0:35 | 0-40; 0-45 
] 


0-0 | 0-05 0-10 | 0-15 | 0-20 | 0.95 | 0-80 
| | | 


| | | | 
0-006) 0-000; 0-000! 0-000! 0-000] 0-000] 0-000] 0-000 0-000 0-000 
0-158} 0-166: 0-175| 0-182; 0-190] 0-197] 0-205] 0-218} 0-221! 0-228 
0-310] 0-325! 0-341] 0-256; 0-371{ 0-386/ 0-402] 0-417] 0-432| 0-447 
0-471} 0-493! 0-515! 0-537] 0-559] 0-580] 0-601 0-622 | 0-642 


0-449 

0-571 0660) 0-628 | 0-655 | 0-682} 0-709; 0-733 | 0-761} 0-785; 0-810 
0-673} 0-706; 0-739; 0-771; 0-802| 0-832; 0-861} 0-889! 0-916; 0-941 
0-755} 0-792) 0-828; 0-863 | 0-895; 0-928; 0-958] 0-986; 0-013; 1-038 
0-814 0-854 0-892; 0-929! 0-963] 0-995; 1-024; 1-051] 1:076/ 1-097 
0-856] 0-898! 0-937] 0-974 | 1-008} 1-038} 1-066] 1-090} 1:110; 1-127 


0-882} 0-924! 0-964; 1-000 | 1-032 | 1,060] 1-084; 1:104} 1-:120/ 1-131 
0-895, 0-939) 0-977) 1-012, 1-042; 1-067} 1-087) 1-102) 1-112; 1-117 
0-901, 0-944; 0-982} 1-015; 1-042; 1-063] 1-079] 1-093} 1-092| 1-091 


0-903) 0-945; 0-981; 1-013| 1-037] 1-054] 1-065; 1:069/ 1-068; 1-062 
0-903| 0-945} 0-979} 1-009] 1-080] 1-044) 1-050] 1:050; 1-044/ 1-030 
0-904; 0-945; 0-978; 1-006; 1-024; 1-034; 1-037; 1-033; 1-023; 1-009 


0-906; 0-948] 0-979! 1-005] 1-021] 1-027! 1-027] 1-020] 1-007} 0-991 
0-911' 0-951] 0-983] 1-007] 1-020] 1-024; 1-021] 1-011] 0-998] 0-982 
0-917 0-959} 0-989| 1-011] 1-022] 1-024] 1-018/ 1-007] 0-993] 0-978 

0-966} 0-996| 1-016] 1-025] 1-025] 1-017] 1-006! 0-992! 0-978 
0-932} 0-973! 1-003] 1-021] 1-028] 1-026] 1-018] 1-005} 0-993] 0-982 
0-939] 0-980! 1-009] 1-025; 1-030] 1-027] 1-018] 1-005! 0-994] 0-985 
0-944 0-985! 1-013] 1-028] 1-031] 1-026] 1-016] 1-004] 0-994] 0-988 
0-947} 0-988} 1-015] 1-028} 1-030] 1-024] 1-013] 1-002] 0-993! 0-990 
0-949] 0-989] 1-015; 1-027] 1-028} 1-020] 1-009] 0-998] 0-992] 0-991 
0-950} 0-990; 1-015] 1-025] 1-024] 1-015! 1-004] 0-994! 0-989} 0-990 
0-950} 0-990; 1:013/ 1-022] 1-019{ 1-009| 0-998] 0-988] 0-986! 0-989 
0-950; 0-989} 1-012; 1-019] 1-015] 1-004! 0-993] 0-986] 0-984] 0-989 
0-950] 0-989} 1-011{ 1-016] 1-011] 1-000] 0-990] 0-983] 0-984] 0-989 
0-951} 0-990} 1-010; 1-015] 1-008] 0,997/ 0-987] 0-983{ 0-985] 0-991 
0-953} 0-991; 1-011| 1-014! 1-006] 0:995| 0-986} 0-984| 0-987] 0-994 
0-956) 0-993) 1:012/ 1-014] 1-006! 0-995! u-987] 0-986} 0-991! 0-998 
0-958) 0-996! 1-013] 1-014) 1-006] 0-995] 0-989] 0-989] 0-995} 1-003 
0-961} 0-998] 1-015! 1-014] 1-006/ 0-995} O990] 0-992] 0-999] 1-007 
0-963! 1-000 oH 1:015} 1-005] 0-996] 0-992] 0-995} 1-003] 1-010 


0-965} 1-001] 1-016] 1-014] 1-005} 0-996] 0-993] 0-998] 1-006] 1-011 
0-966} 1-002) 1:016; 1:013/ 1-003] 0-995] 0-994] 0-998] 1-007} 1-011 
0-966] 1-002 1-016 | 1-012{ 1-002} 0-094] 0-994] 1-000] 1-007] 1-010 
0-966) 1-002} 1-014! 1-010} 1-000} 0-993] 0-994} 1-001] 1-007] 1-008 
0-966} 1-002 1-013 | 1:008| 0-998] 0-992} OYgy4] 1:00L{ 1-006] 1-006 
0-967; 1-001} 1-012] 1-006| 0-996; 0-991] 0-994! 1-001} 1-005] 1-003 
0-967; 1-001} 1-011] 1-004] 0.995 0-991] 0.994{ 1-001] 1004} 1-001 
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0-50 


0-000 
0-236 
0-461 
0-662 
0-831 
0-963 
1-061 
1-116 
1-141 
1-138 
1-117 
1-086 
1-051 
1-018 
0-922 
0-975 
0-966 
0-964 
0-968 
0-975 
0-982 
0-988 
0-993 
0-996 
0-997 
0-997 
ODOT) 
0-998) 
0-999! 
1-002! 
1-005; 
1-008] 
1-010! 
1-012 
1-012 
1-010 
1-008 
1-004 
1-001 
0-997 
0-905 


) 


| 


0-55 | 0-60 


0-000] 0-000 
0-244| 0-252 
0-476 0-49] 


0-682 
0-856 
0-988 
1-081 
1-133 
1-151 
1-141 
1-114 
1:076 
1-036 
1-001 
0-975 
():958 
0-952 
0-954 
‘0-962 
0-973 
0-984 
0-904 
1-001 
1-006 
1:007 
1-007 
1-006 
1-005 
1-005 
1-005 
1-006 
1-007 
1-008 
1-008 
L-Q07 
1-004 
1-001 
0-998 
0-995 
(992 
0-99] 


0-701 
0-878 
1-010 
1-100 
1-147 
1-158 
1:14] 
1-107 
1-064 
1-020 
-0983 
0-957 
0-943 
0:94] 
0-948 
0-961 
0-977 
0-993 
1-005 
1-014 
1-018 
1-018 
1-015 
1-012 
1-008 
1-005 
1-002 
1-()02 
1-001 
1-001 
1-001 
1-000 
()-098 
0-997 
0-994 
0-993 
0-992 
0-992 


Se —— 


0-65 


0-000 
0-256 
0-505 
0-720 
0-S99 
1-030 
1-116 
1-157 
1-162 
1-138 
1-097 
1-048 
1-001 
0-965 
0-941 
0-931 
0-934 
0-947 
0-967 
0-987 
1-006 
1-019 
1-027 
1-029 
1-026 
1-20 
1-012 
1-004 
0-998 
0-994 
0-993 
0-992 
()- 04: 
0-995 
0-996 
0-997 
()-997 
0-997 
0-907 
0-9N7 
()-998 


0-70 


0-000 
0-265 
0-519 
0-741 
0-919 
1-048 
1-131 
1-165 
1-163 
1-131 
1-084 | 
1-031 | 
0-984 | 
0-948 
0-927 
0-923 
0-932 
0-952 
0-976 
1-000 
1-020 
1-033 
1-039 
1-036 
1-029 
1-017 
1-005 
0-994 
0-987 
0-983 
0-983 
0-985 
0-990 
0-995 
0-999 
1-002 
1-004 
1-005 
1-004 
1-003 
1-003 


0-75 | 


0-000 
0-275 
0-534 | 
0-757 | 
0-938 
1-066 
1-143 
1-171 
1-161 
1-122 
1-069 
1-014 
0-966 | 
0-933 | 
0-917 ! 
0-919 | 
0:936 | 
0-961 : 
0-990 | 
1-016 
1:036 
1:046 
1-047 
1-038 | 
1-025 | 
1-009 
0-993 
0-982 
0-975 
0-974 
0-077 
0-984 
(093 
1-001 
1-008 
1-012 
1-014 
1-012 
1-009 
1-005 
1-001 


0-80 


| 


0-000 
0-283 


| 
| 0-85 


0-000 
0-294 


0-548! 0-561 
0-775 | U-792 


0-957 
1-082 
1-154 
L174 
1-156 
L-lil 
1:053 
0-996 
0-949 
0-920 
0-911 
0-920 
0-944 
0-975 
1-006 
1:032 
1-049 
1-054 
1-048 
1-034 
1-015 
0-996 
0-979 
0-968 


0-965 | 


0-969 | 


0-978 
0-990 
1-008 
1-014 
1-021 
1-022 
1-020 
1-014 
1-006 
0-998 
0-991 


0-974 
1-096 
1-162 
1-175 
1-150 
1-098 
1-036 
0-978 
0-934 
0-911 
0-909 
0-926 
0-955 
0-991 
1-023 
1-047 
1-059 
1-057 
1-044 
1-024 
1-000 
0:979 
0-965 
0-958 
0-961 
0-972 
0-987 
1-003 
1-018 
1-027 
1-030 
1-027 
1-019 
1:007 
0-995 
():985 
0-980 


| 


0-90 


0-000 
0-299 
0-575 
0-810 
0-991 
1-109 
1-169 
1-174 
1-141 
1-083 
1-019 
0-963 
0-922 
0-906 
0-911 
0-935 
0-970 
1-008 
1-038 
1-058 
1-063 
1-054 
1-034 
1-010 
0-985 
0-965 
0-955 
0-955 
0-965 
0-982 
1-001 
1-019 
1-031 
1-035 
1-032 
1-022 
1-008 
0-994 
0-981 
0-974 
0-972 


0-95 


0-000 | 
0-305 
0-590 | 
0-827 
1-008 | 
1-121! 
1-174 | 
1-175 | 
1-132 
1-069 
1-003 
0-948 
0-914 
0-904 
0-917 
0-946 
0-987 
1-024 
1-051 
1-065 
1-062 
1-046 
1-021 
0-994 
0-970 
0-955 
0-952 
0-960 
0-976 
0-997 
1-018 
1-032 
1-040 
1-037 
1-026 
1-011 
0-993 
(979 
0-970 
0-969 
0-975 


bo 
“I 
w] 


1-00 


0-000 
0-313 
0-602 
0-842 
1-022 
1-131 
1-177 
1-166 
1-119 
1-053 
0-987 
0-936 
0-907 
0-906 
0-926 
0-962 
1-002 
1-037 
1-060 
1-066 
1:056 
1:033 
1:005 
0-978 
0-958 
0-950 
0:955 
0-970 
0-991 
1-013 
1-032 
1-039 
1-039 
1-028 
1-012 
0-904 
0-978 
0-969 
0-967 
0-973 
0-986 
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TsaBLE NV 


TABLE OF THE 


, E00 0-08 | 0-10 | 018 | 0-20 | 0.95 0-30 | 0:35 0-40 | 0-45 
: | | | | ! 2 , . a 
| | | i | 

20-5 | 0-967, 1-002) 1-010; 1-003) 0-994! 0-991 0.995 | 1-001| 1-003] 1-000 
21:0 | 0-008 1-002; 1-010} 1-003] 0-994] 0-991] 0-996 1-002 | 008 0-999 
21-5 | 0-970) 1-008 1-010| 1-002] 0-994} 0-993} 0-998} 1-003] 1-003] 0-998 
22-0 | 0-971) 1-004! 1-011} 1-002! 0-994/ 0-994] 1-000} 1-004] 1-004) 0-998 
20 0-972} 1-005) 1-011| 1-002] 0-995| 0-996} 1-002} 1-006/ 1-004) 0-998 
23-0 | 0-973) 1-006] 1-011] 1-002] 0-995] 0-997] 1-003 1-008 1-004] 0-998 
23-5 | 0-974] 1-006] 1-011] 1-002] 0-995] 0-998] 1-004] 1-006 1-003] 0-998 
24-0 | 0-975] 1-006] 1-010} 1-001} 0-995} 0-998} 1-005] 1-006) 1-002] 0-998 
24-5 | 0-975} 1-006] 1-009 00 0-995| 0-999/ 1-004] 1-005! 1-000] 0-997 


25-0 | 0-975 1-006: 1-008 | 0- 999 | 0-995] 0-999} 1:004/ 1-004 | 0-999; 0-996 
25-5 | 0-975} 1-006: 1-007] 0-998; 0-994] 0-999; 1-004] 1-002; 0-997] 0-996 
26-0 0-975] 1- 005! 1-006] 0-997! 0-994] 0-999] 1-003 | 1-001] 0-996} 0-996 


If we consider the unit trapezium with the same value of x as the 


given trapezium t (w), then A(t) and h(t) are connected by the relation.* 
h(t) = tyh (wy!). (4.28) 


The product w, ¢ is dimensionless. In Table 15 the corresponding 
term is shown as dimensionless time. For w,=I1 it coincides numeri- 
cally with ¢ in seconds. 


The relation (4.28) enables us to determine the value of h(t) for 
any moment ¢ from the table constructed for the unit trapezium. 

From (4.25) the required transient process can be found from the 
formula x(t) = h(t), where the summation is made over all the 
trapezia. 


(d) The construction of the real frequency characteristic P(w) 


When these methods for constructing the control process are 
used in practice, the greatest time is spent in constructing the real 
frequency characteristic P (w) for the given system. If, during the 
analysis of stability, the D-partition was constructed for the total 


* See Section 7, Criterion 10 (p. 323). 
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(contd.) 


h-FUNCTION 


' . ' 
——— 0 re eee 


0-994) 0-991. 0-994 | 
0-993| 0-992) 0-996! 1-001! 1-002 
0-994) 0-994 0-999 1-004 | 1-002 0-995 | 0-988 
0-995] 0-997 


1-002! 1-005) 1-002] 0-995} 0-992| 0-997) 1-010] 1-024} 1-029 
0-996] 1-000} 1-005] 1-007] 1-002 0-008 | 0-996] 1-005} 1-019] 1-028] 1-028 
0-997} 1-002] 1-007] 1-007] 1-002] 0-997} 1-001] 1-011] 1-022] 1-025] 1-016 
0-999] 1-003; 1-008) 1-006] 1-001] 0-999; 1-004! .-015] 1-021] 1-016] 1-003 
0-999] 1-004) 1-007) 1-004) 0-999] 0-999] 1-007] 1-015} 1-016 1-006 | 0-990 
0-999] 1-004) 1-006] 1-002] 0-997] 0-999} 1-007] 1-012] 1-007] 0-098, 0-980 
1-000' 1-004) 1-004) 0-999 0-996} 1-000] 1-007] 1-008 0-998) 0-984) 0-975 


: | | | | 
1000! 1-002| 0-998; 0-987] 0-978: 0-977] 0-987! 1-001 


1-000! 1-003} 1-001, 0-996 0-995 | 1-000 1-005 | 1-001] 0-989; 0-978] 0-977 
1-000} 1-002] 0-999] 0-995! 0-995! 1-000 1-002; 0-996 0-984} 0-978| 0-984 


coefficient of amplification of the open system, then this construction 
can be used to simplify considerably the construction of the real 
characteristic P (w). 

Let the transfer function from the point of application of the 
disturbance to the given coordinate be of the form 


L 
P (p) = ——_2(P) _ ; (4.29) 
D(p) + KR(p) 
where /# is the total cocfficient of amplification of the open circuit. 
Dividing the numerator and denominator of ®(1w) by & (iw) we 
obtain : 


The denominator of ®(p) is the same as the left-hand side of the char- 
acteristic equation of the system. Hence, the boundary of the D-par- 
tition for K is: 

R (iw) 
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Putting this value in ® (1), we find: 


_ L(t) 
oy E (tw) 
? ((o) = S(io)—K ° 
L(t) 
We now add the hodograph of the vector — 1) to the graph 


on which the D-partition boundary for K (i. e. the hodograph of the 
vector S (i w) was drawn. Then @ (7 w) is defined as the ratio of the 
L (ia) 
ft (to) 
and the real characteristic P (w) is equal to 


and S (im) — K, taken for the same value of a, 


vectors — 


A 
P (wo) = RB (Py — Po); 


where A and B are the moduli and ¢, and ¢, are the arguments of the 


L (iw) 


and S(i@)— K for the same value of w. One 


vectors — 


end of the vector S (1 @ ) — & lies at the point u = XK and the others 
at the point on the hodograph of S (i w) corresponding to this value 
of wm. When S (i w) has already been constructed for the analysis of 
stability, the calculation of P (w) reduces to the additional construction 
LL (1) 
R (iw) ’ 
complicated since the degree of L(p) and of A(p) is not high. In servo- 
mechanism theory and in some problems in the theory of automatic 
control the disturbances which are applied are such that the transfer 
function of the closed system is 


of the points of the hodograph of — which is usually not very 


where W (p) is the transfer function of the open system. In this case 


Se 


®D (iw) = —- He - 
—S(tw) + K 


Iffrom any point w, of the hodograph S (i w) a vector is drawn to the 
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point a where wu = K (Fig. 159), then this vector determines the de- 
nominator in (4.29). 
Therefore 
Oa ac 


P(w,) = 008 P= ran 


In this particular case, the real frequency characteristic P (@) 
can be constructed immediately if we know the boundary of the 
D-partition for K. In order to do this a perpendicular is dropped from 


V 


Fie. 159 


the origin of coordinates to the vector ab, corresponding to any 


frequency w,;, and we take the ratio of the segment ac cut off on ab 
to the magnitude of this vector (Fig. 159). 
Doing this for various frequencies, we can construct the points 
of the whole real frequency characteristic. 
In just the same way it is easy to find a method for calculating 
P (w) from the amplitude-phase characteristic of the open system 


of the first kind P (io) or of the second kind —-—— A (to) 
Ke) D (éoo) 


* 


* Another method for constructing P(w) from the amplitude-phase charac- 
toristic of tho open, system is described in the book mentioned in the footnoto 
on p. 283. 
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5. General Considerations of Indirect Estimates of the 
Control Process. The Degree of Stability 


Each of the methods described above enables us, with greater 
or less difficulty and expenditure of time, to construct the control pro- 
cess for a given disturbance and for fixed values of all the parameters. 
Methods of constructing the process which do not involve the calcul- 
ation of the roots of the characteristic equation make it somewhat 
easier to determine how the assembly parameters influence the course 
of the process than do methods which require the calculation of these 
roots, but in either case it is a complex and laborious problem to find 
the dependence of the processes on the change in the parameters. 
Also, the technical conditions laid on the design of controllers usually 
place strict requirements on the character of the process, and the 
problem of designing the load and the tuning of these devices consists 
of satisfying these requirements. In such cases the construction of 
the process is used only as a check, and the choice of parameters is 
made according to these or other indirect estimates. We shall restrict 
ourselves henceforth to the consideration of estimates of transient 
processes, i.e. we shall consider the disturbance to be the unit function. 
In the theory of automatic control three types of indirect estimate of 
the transient process are used : estimates concerning the distribution 
of zeroes (or zeroes and poles) of the transfer function ®(p), the integrals 
of the estimate, and estimates of the process from the graphs of the 
frequency characteristics of the given system. 

Among the estimates concerning the distribution of the zcrocs and 
poles of the transfer function, the simplest and most widely used is 
that which finds the distance in the root-plane between the imaginary 
axis and the root nearest to it. This distance is called the ‘“‘degree of 
stability’. 


(a) The concept of the degree of stability 


We return to the formula which defined the control process in 
terms of the roots of the characteristic equation 


x (t)= > A (Pr) ePrt — > Cr ePxt 
ea B’ (Dx) k=l 


where p, is a root of the characteristic equation. 
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Those terms for which the real part of the root p, = — a, + 
+ @ Pp, is small in modulus, i.e. for which the root lies near the imagi- 
nary axis, dominate this sum. In such cases we sometimes estimate the 
transient process by finding the distance between the imaginary 
axis and the root nearest to it, i.e. by finding the degree of stability. 
Of course, the system is here assumed to be stable. 

Let us denote the degree of stability by 6. 

The degree of stability is said to be aperiodic if the root nearest 
the imaginary axis is entirely real. It is said to be oscillatory if the root 
nearest the imaginary axis is complex. If the degree of stability is 
aperiodic, then the exponential determined by this root will dominate 
the sum. The damping of the transient process is determined roughly 
by this exponential. 

If the degree of stability is oscillatory, then the process is charac- 
terized roughly by the damped sinusoid, whose envelope has the 
equation 

we == Ce~*, 


Therefore the value of 6 is sometimes indirectly measured by 
the damping of the process. 


(b) The determination of the magnitude of the degree of 
stability from the Routh-Hurwitz criterion 


Let the characteristic equation of the system be given: 
p! + dy pr* + Ay pr +... + Oy P + Oy, = 0. 


We reduce this equation to a simpler one, by making the substitution 


Then 
f(A) =Ant AAT 1+ AAP et... HALA +I =), 


where 
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We shift the imaginary axis to the left so that it passes through 
the root nearest to it. In order to do this we make the substitution 
A=2z2—686: 

[ (2 — 0) = (2— 6)" + A, (2 — Oye t+ 
+ A, (g-- d\n? +... +4, (2-6) +1=0. 


6, (d) A,_ (0) 


B, (0) 


ee 
Ans (0) 
b 


) 


Fic. 160 


Opening the brackets and collecting like terms, we obtain : 
f(2)=2°9+ By2r4 Boz + ... + Bz + B= 0, 
where 
l dF (2) | 
—3 


kT 


— (n— ky! ; 


ee 


dz* | 
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For 6 = 0 all roots of the equation f(z) = 0 lie to the left of the ima- 
ginary axis, since f(z) is then equal to f (7), but we have assumed the 
system to be stable. All the Hurwitz determinants 4,, 4,, ...,4), 
therefore, formed from the coefficients of the equation f(z) for 6 = 0, 
are positive. We now increase 6 until one of the Hurwitz determinants 
first becomes zero. The corresponding value of 6 will be the required 
degree of stability. As 6 increases the highest determinant 4, is al- 
ways the first to become zero. But 4, = Bn 4,-, and A, can only 


Fic. 161 


become zero either because B, = 0 or because 4,_, = 9. The degree 
of stability is aperiodic if in this case B, = 0, and is oscillatory if 
An = 0. This leads to the following simple method for determining 
the degree of stability. We construct the curves B, (6) and 4,_, (6) 
and find the point corresponding to the intersection of one of these 
curves with the 6-axis which is nearest the origin of co-ordinates 
(Fig. 160). This point determines 6, the degree of stability. It is aperio- 
dic when (Fig. 160a) this point belongs to the curve B, (6) and it is 
oscillatory when (Fig. 160d) it belongs to the curve 4,-_; (6). 


(c) The determination of the degree of stability from the 
Mikhailov criterion 


Tn order to determine the degree of stability we can use any of the 
stability criteria. We have just considered a method based on the use 
of the Routh-Hurwitz criterion. We now determine the degree of 
stability using the Mikhailov criterion. 
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Let the characteristic equation of the given system be reduced to 
ot Boeri t Bowe +... $B y2+ 8B, =0. 


We draw its Mikhailov hodograph, first taking 6 = 0. In this case, 


a) 


Fie. 162 


by hypothesis, the system is stable. We vary the parameter 0, viving 
to it various values, and for each of them we shall construct its cor- 
responding Mikhailov hodograph (Fig. 161). We continuc this operation 


rie. 163 


until for some 6 the hodograph first passes through the origin of co- 
ordinates. This value of 6 is equal to the required degree of stability. 
The Mikhailov hodograph can pass through the origin in different 
ways. Two cases are possible (Fig. 162a and 0). 

In the first case, the degree of stability will be oscillatory, and 
the imaginary part of the root occurring on the imaginary axis is 
found at once to be the point corresponding to Cots In the second case 
the degree of stability will be aperiodic, since in this case the free 
term beomes zero: 3B, = 0. 
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To determine the degree of stability we need only construct 
the small part of the Mikhailov curve near the origin of coordinates 

The convenience of using the degree of stability as an indirect 
estimate of the process arises from the fact that in the plane of any 
one or two parameters which enter linearly into the characteristic 
equation it is easy to construct the curves determining the lines 
corresponding to the degree of stability. To do this it is only necessary 
to know the value of 6 and then to construct the boundary of the 
region of stability, for example, by the usual construction of the D- 
partition for the equation f(z) = 0. In this way, by constructing the 


x 
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D-partition for the equation f(z) = 0 several times, we can not only 
determine the region of stability (putting 6 = 0). but also partition 
it by lines equal to 6. 


(d) The connexion between the degree of stability and the values 
of the time constants of the stages of a single-loop circurt 


When considering questions concerning the stability of single- 
loop systems (without derivative action) we established that these 
systems can be made stable only by choosing the parameters of the 
stages to fulfil definite conditions, concerning the structure of the 
network itself : the system cannot be made stable if it contains more 
than one stage which is astatic or unstable, or if it contains so many 
consorvative stagos that the inequality n> 4r is not satisfied, 
where 7 is the degree of the characteristic equation, and r is the 
number of conservative stages. 
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Let us first consider a system containing one astatic stage and 
any number of single-capacitance stages. 

The structural scheme is similar to the system shown in Fig. 163. 
The characteristic equation of the system is 


p(T pt+V(mpt)...tnpt)+K=0. 


We make the substitution p = z — 6, obtaining 
(g— 6) (7T,2+1—67,)(7,2+1—67),)... 
22 (Tn%2+1—67n) + K = 0. 


The degree of stability of the given system is greater than any value 
6 = 6), if, after putting 6 = 5, in this equation, all its roots lie to 
the left of the imaginary axis. To be precise let us suppose that the 
stages of the system are so numbered that the values of the time 
constants decrease, i.e. 


T,>7,>T73;>...>Tn. 


1 
Depending on the increase in 6, the value 0 = ra will be reached 


at some point. For large 6 at least two brackets will have negative 
free terms, and this corresponds to a system containing more than one 
unstable stage. Such a system is structurally unstable, i.e. for any 
choice of the parameters 7; (1 = 1, 2,...,) and A not all the roots 
of the given equation can lie to the left of the imaginary axis. Hence, 
the degree of stability of the given system cannot be greater than 


— , le. the degree of stability does not exceed the reciprocal of the 


1 
greatest tume constant of the single-capacitance stages. 


We now consider a single-loop system consisting only of single- 
capacitance stages. The characteristic equation of this system can be 
written in the following form : 


JA eal 
Lf (Vip+1)+K=0. 
j=l 

We make the substitution » =z— 6: 


IN [Lje+(\— 7,8] +K=0. 


j=l 


THE CONSTRUCTION AND THE EVALUATION 289 


For 6 = 0 we obtain the initial equation. As 6 increases, the stage 
with the greatest time constant will become unstable, but its presence 
can still not destroy the structural stability of the system. As 6 in- 
creases further, the stage with the second largest time constant be- 
comes unstable, and from this value of 6 the structural stability will 
be lost. 

Thus, in this case the degree of stability, 6, cannot be made greater 


1 . . . . 
than where T, 1s the second largest time constant in the circuit of 


2 
single-capacitance stages. In real systems the second largest time 


constant is usually considerably smaller than the first, and therefore 
when there is no astatic stage a considerably larger value of 6 can be 
obtained. 

In exactly the same way, by using the theorems of structural 
stability, we can find the maximum degree of stability attainable in 
systems containing stages of other types (oscillatory, unstable, con- 
servative). 


(e) Remarks 


The exceptional simplicity of estimating the “degree of stability”’ 
and the relative ease with which one may determine the parameters 
which minimize it often lead to excessive optimization and careless 
use of this estimate in the design of the control system. 

In fact, the use of the degree of stability in the calculation de- 
mands great care. Only for very special initial conditions can we 
succecd in finding a direct connexion between the magnitude of the 
degrec of stability and the quality of the process. Even in these cases 
the degree of stability is related to only one indicator characterizing 
the quality of the process, the control time. Usually, if we construct 
a line representing the degrce of stability in the plane of any two of 
the parameters and compare the processes caused by the same dis- 
turbance in systems corresponding to the various points of this line, 
then these processes are seen to differ very much. Not only the over- 
shoot, but also the control time, can change by several times when 
the same degree of stability exists for various ratios of the parameters. 

Moreover, this estimate is often not generally applicable to a 
proportional rate floating controller, for the following reason. 

The processes in this controller can be divided into two sections 
A and B (Fig. 164). The section A corresponds to the steady value 
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of « with an accuracy depending on the static error, determined by 
the static part of the controller, and the section B to the removal of 
this static error by the float. Usually the length of the section B is 
considerably greater than the length of A. But we are interested mostly 
not in the total time corresponding to the sections A and B but in 
the time corresponding to the section A. Even when the degree of 
stability is related to the control time, it determines the total time of 
the process. The length of A is related in such systems to the distance 
between the imaginary axis and the root nearest but one to it. 


Fic. 165 


The question of when we can and when we cannot determine 
the optimal parameters minimizing the degree of stability can be 
solved only by experimental investigation and adjustment of real 
systems. For this reason in control theory we do not limit ourselves 
to this more simply calculated, and also very primitive, estimate, 
but we consider more complex indirect estimates. 


6. Integral Estimates 


(a) General consideralions 


Until now we have everywhere taken the valuc of the coordinates 
in the given steady state as the zero of the inerements in the co- 
ordinates, i.e. we have taken the “‘old equilibrium’? which existed 
in the system up to the beginning of the disturbing action causing the 
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control process as the origin. In this section we shall measure the 
increments of the coordinates from their new equilibrium value, 
which is set up in the system as a result of the disturbance 1. This 
restriction is not essential when integral estimates are used. For, by 


3 


alt i 


{ 


—_—— 


x(t) 


Xj (=X steady * (4) 
t 
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ia. 167 


making the computations more complicated, we can easily extend 
them to the case when the given disturbances are other functions. 
Limited here to an estimate of the transient processes we will replace 
tho unit disturbance 1 by the equivalent initial conditions. 

The transient process would be ideal if at the moment the unit 
disturbance appeared, the considered coordinate instaneously 
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acquired its new steady value and did not change it again until the 
appearance of a new disturbance (Fig. 165). In real systems such a 
process is not possible, but the smaller the area between the curves 
of the real and ideal processes (shaded in Fig. 166), the less the process 
will differ from the ideal. In the case when there is no overshoot 
(if the system is static, see Fig. 167) or when the curve x(t) does not 
intersect the t-axis a second time (if the system is astatic) the given 


Fie. 168 


area is defined by the integral 
{ @ (4) de. (4.30) 
6 


In other cases this integral does not define the given arca, since 
in computing the integral the separate areas must be summed taking 
the sign of the ordinates into account (fig. 168) ; thus, for example, 
in the case of weakly-damped oscillations independent of the ampli- 
tude, the integral would be small, although the areca, charactcrizing 
the deviation of the real process from the ideal, can here be as large 
as we please. 

In the cases given above, when the integral (4.30) does define 
the given area, it provides a convenient means of choosing the system 
parameters: the parameters are chosen so that the value of the 
jntegral will be a minimum. Of course, such an estimate is indirect, 
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and the selection of the parameters must be made as a preliminary, 
since very different processes can occur even for monotonic processes 
with equal areas. Despite this, the use of such estimates often enables 
us to select the initial parameters quickly, verification that the choice 
is correct follows by constructing the process. 

To calculate the integral (4.30) we note that the Laplace transform 
for the expression 2; (f) is, by definition, equal to 


fo) 


L[x,(t)] = J a, (t)e-Pt dt 


and hence 


co 


{ 2, (t)dt = lim L[z (t)]. 


0 p—0 


The practical application of such a simple estimate is compli- 
cated by the fact that only in rare cases is it known beforehand that 
the process does not possess overshoot or that, in the astatic case, 
during the process a zero value of the deviation of the controlled co- 
ordinate is not attained several times. 

If the process is oscillatory, then an estimate of how close the 
transient process is to the ideal can be made from the values of the 


integral i) jz (/)| dt, but the value of an integral such as this is usually 
0 


difficult to compute. It is more convenient to estimate the process 
from the value of the integral 


oo 


2 (d) di. (4.31) 


If we select the system parameters to make this integral a minimum, 
then the transient process obtained is usually excessively oscillatory. 

In order to avoid obtaining strongly oscillating processes, we 
assume that the parameters have been chosen so that the integral 


oO 


{ [2 (0) + v2 &? (L)] dt, (4.32) 
0 


shall be a minimum, where 7 is any given number. 
The selection of the system parameters made so that we obtain 
the minimum of this integral (provided we have chosen the right 
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value of t) enables us to obtain a sufficiently good transient process 
with small overshoot and it is often monotonic. Sometimes we use even 
more complicated estimates 


J [a® (t) + ef? (t) + $a? ()] dt 


or, more generally : 


~ a ( ! 2a 19 . No (ft 2 
22) + ag] +al- HOP gee “Ga | a 


qin | | 


We will restrict ourselves to the basic estimate (4.32). To use this 
integral estimate to calculate the system, we must answer the following 
questions : 

1. How must the value of 7, entering in (4.32), be chosen for the 
investigation of the real automatic control system? 

2. How do we find the system parameters for which the chosen 
estimate is a Minimum? 

3. How near to the process required by the technical conditions 
will be the transient process with parameters chosen in this way? 


(b) The choice of the integral estimate 


We write the integral 


== J [a® (t) + 2a? (t)] da 


as the difference of two integrals : 


co 


J [a (t) + t? x? (t)] dé = 


co 


= J [xa (t) + va (1)? dl — Qe Samet dt == 


0 0 


= f [x (t) 4+. 7% (t)}? di — 2t fa (2) di. 
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We compute the last integral: 


If the system is stable, then z(co) = 0, since in this section we 


take the origin of # as the value x 
Then 


steady Which is set up ast > oo. 


[oe] 


§ [a2 (¢) + 722° (t)] dt = ¢ [w(t) + ta (t)]* dt + tx? (0). 


0 


The last term on the right hand side is a constant, defined by the 
initial deviation of the system. The first integral 


J [2®() + ca® (1) dt 
will have its least value when the integral on the right hand side of 
the equation written above is zero, 


{ [x() + rH (2 dt = 0. 


Due to the fact that the integrand is always positive, this can 
happen only when the integrand is equal to zero, i.e. 


[x (t) + 7a (t)}2 = 0 
or 
a(t) + va (t) = 0. (4.33) 
Thus, the first integral attains its minimum when 2z(é) satisfies 
the differential equation (4.33). The least value Zminmin 18s equal to 


J pin min Tx (0). 


The differential equation (4.33) determines the transient process to 
which we can approximate in the limit, if the parameters can be 
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chosen so that [ = Ipinmin. This limit process will be defined by 
the exponential x(t) = x(0)e-# ; 

The value of t is chosen so that the exponential x(t) = x(0)e -= will 
with a known tolerance satisfy the conditions which must be satisfied by 
the transient process. Once v has been chosen the integral estimate is 
fixed. After this the system parameters are selected so that the 
chosen integral estimate takes its least value, Imin. Of course, the 


NERS 
PR CCEEE EET 
Yonge rot | | TT | | Tt 
(Hn 
Pt IN | | rN Te 
NUK Ser | a 
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value of Imin in this real cage will be greater than JIinmin, and the 
process in the system will differ from the given exponential. But of 
all the possible parameters those chosen will cnsure the process which 
is nearest to this exponential. 

It has been shown that when the simplest quadratic integral 
estimate fe (t)dé is minimized, the process nearest to 

x(t) = (0) SIN Ob 
at 

is ensured. The graph of this function is shown in Fig. 169. 1t is natural, 
therefore, that from the point of view of the minimization of the in- 


tegral, the choice of parameters lcads to a system with an excessively 
oscillatory process. 


rf 
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By using more complicated estimates we can, by minimizing 
them, approximate to processes of a more complicated form, for example 
to processes consisting of several summed exponentials. 


We pass now to the computation of { (w*+ 174*)dé via the 
0 


system parameters and to the choice of the parameters which mini- 
mize this integral. 


(c) The determination of the system parameters which minimize 
the integral estimate 


We consider a system of linear differential equations of the general 
form* 


n 
x, — > Qiy Hj 
j=1 
and the most general form of the integral quadratic estimate 


I= {| Vd, 
0 
where 


n 
V=Ayat+ A,agt+... + 4,ta = > Ax}. 
i=l 


The integral (4.32) which interests us is obtained from this if we put 


9 


Ly = 4X, Lo = 2, A, =1, A, = - and A,=A,=...=A,=0. 
We choose another quadratic function U such that 


qd __y. (4.34) 
di 


Then the integral J= | Vdé is easily calculated. 
0 


* If the system contains equations whose orders are higher than the first, 
thon it is easy to reduce to this form, by denoting the second and higher deriv- 
atives by new letters. Thus, for example, the equation 


az, + bx, + ca, = 0 
reduces to the system 
L, = Xe, | 


x Os Cx 
Sa Say | 
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In fact 
Vdt= —dU, 
1. €. 
I= (Vde=— (du=— U| = —[U (cc), —U(0)]. 
d é 0 

In a stable system when ¢ = © 2, = 4... = an = 0, and therefore 
U(co) = 0. 

Therefore 


I= Jf Vdt=U (0), 


0 
l.e. in order to determine J we put the initial values of 7, 2, ... , Xp 


in U. 


In order to determine U, we will look for it in the form 


where all the B,; are numbers which have to be determined so that 
the equation 


or 


is satisfied. 


Putting in this the above expressions for V and U we obtain: 


ny on n 

‘N .’ e 9 
S| By 2)|%= — SA; 27. 
i=l Lj=l1 . i-=1 


We replace 4; at once by the right hand side of the initial system 
of first order linear equations 


Mn n n n 

a! a) ~ 1 y 
> | By D>, Uj) |= — SA; 24. 
ic] j=! j=! i.] 
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The left and right-hand sides of this equation consist of quadratic 
forms. Equating coefficients of 2}, #3, ..., 22 on the left and right 
and equating the coefficients of the products x; x; (t+ Jj) to zero 
(since there are no similar terms on the right-hand side) we obtain a 
system of linear algebraic equations for all the B,. Solving these 
equations, substituting the values of B,; in U and using the given 
initial conditions, we find U as a function, which we can minimize 
further, of the system parameters (the coefficients a;;). 


EXAMPLE 1. We demonstrate the method for finding U by taking as 
an, example the equation, 


which we replace by the system 


L, = Lo, | 
Qa, To 
Ay dy 
Let us put 
V = ai + 1? 2 


Wea seek U in, the form 


OY 
UO = By ti + By, yy 01 %q + By, G3. 


vom the condition 


“a TY 
wo find 
aU . U , 
aan % | On, By = (235, 2, + Byes x9 Vy) Vy 

vy ty 
Ay Cy 2 % 2 
+ (2B x. %_ fF Byyx, %1) [- 2, — Gy ua) ST Tee - 
0 0 


quating coefficients on the left and right, we obtain the system of equation 


Ae 

— Bw. SS ] 
Ay xX1N2 ? 
Cy D 


0 


a a. 
2By — Ze Briss — 2 a By, = 0. 
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Solving this system, we find 


By. x, 7 Os 3 
2 2 
B= —% S24+(4+2)], 
“1 2a, Gy | a8 ay A 
a a 
B,., = ot], 
° 2a, L a 


whence 


The parameters a,, a2, and a, which minimize J are now easy to find by 
the usual rules for finding the absolute minimum of a function of several 
variables. 


ExamMPie 2. Let the given system be described by the second order 
equation. 


Let us suppose that for 


The integral estimate is I = { (x® + 2%) dé. In the given case 
6 


dz a Oy ‘ 
By = 0, hy = a (0) = 1, %_ (0) = 0, hy = 8, 72. 


Therefore 


l ; o\7 y 
=, [9.2 + (8 + A) =——- 


With the given, conditions we must find tho valuo of h = yj, for which I == Iyin- 


To do this we equate the derivatives to zoro: 
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from this condition we determine the quantity hyip: 


Renin = V21 
and, therefore, 
dmin = BE = yan at 1.53 
min x 6 | 9 V21 — i. . 


In this case 


Iminmin = V2 ~ 1.41. 


Therefore, for , — 21 the process is closest to the exponential exponent 
] 
~ Ve t, but is different from it. 


(d) The estemate of how far the process deviates from the extremal 
process 


In solving practical problems it is often necessary to evaluate 
the deviation of the real process in the system from that to which it 
tends, by minimizing the integral estimate. 

Let the value of the integral J,,, be computed for the selected 
values of the system parameters. 


In addition, let J the value of this integral estimate for 
f 


which the transient process coincides with the exponentiala*= Ce =, 


min min? 


be known. 
It was shown above that the quantity I = Inin min iS determined 
by the product of the square of the initial deviation 2° (0) and t: 


Lenin min = TH” (0). 
We consider the difference between these two integral estimates 
€ = Lin — Lipin min: 
Let Jaz = x — x*, where x is the change of the given coordinate for 


the chosen values of the parameters, and x* is the change in this co- 
ordinate when I = Ipin min- 
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We put the obtained value of x in the general expression for J,4:): 


co 


‘dx* dAx 
i * 1 Ay)? 2 |——_ dt, 
min iG x) +t | dt + dt 
0 
or 
7 dx* \2 dAsx \2 
Il. = #2 2) Ax? -1- 7? 
nin | ot (, a a a [+ 
0 
da* dAz || da* \2 
y} * 2 di = 2 2 | dt 
i en di ral {|e rt 7 | + 
0 
~ dAx \2 . dz* ddAzx 
Ax? 2/-— | |di+ 2 * | 2 dt. 
+ [|aete t | + | OE dt dt 
0 0 


In the last integral we put 
t 


z* = Oe * 


and, integrating by parts, we can show that the last integral is equal 
to zero. 
The first integral is equal to Imin min: Hence 


fo<} 


‘TO, , | dAx \2 
nin = Lenin min + | Ax® + re d/. 
JL 
Taking Ijin min to the left hand side, we obtain 
= Tmin— Ininmin = | | 42° +4 ral au 


0 


Therefore the difference between the two integral estimates is 


determined by the same integral, except that instead of the variables 


dAzx 


dr... _— 
x and ra will be necessary to put their increments A x and - a 
dt 
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For the subsequent calculation we use the well-known inequality of 
Bunyakovski: 


b 
fhe) h(t ae <| faiae Fama. 


We use it to estimate the quantity «. We put 4 x? in the following form: 


t “tt 
dat = 2 | An = dt< | jas 
0 0 0 


Multiplying and dividing the right hand side of the equation by 7, we 
obtain 


Az \Pa5 


Since the integrand is positive, the inequality will only be strengthened 
if we increase the upper limit of integration to infinity: 


Aad <= 7 Arad | +8 oA aL. 
t | lt 
0 0 
From the obvious inequality 
2Vba<atb 
it follows that 
Ax? << — } i [ate ade ‘aa, 
t dt Tt 


Thus, the deviation of the real transient process from the extremal 


process does not exceed the quantity: aa 
tT 
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Exampie 3. In the previous numerical example it was shown that 
Tin min = V2 1-41 and Ising ~ 1-53. 


Then, 
1:53 — 1-41 ]/0-12 
Ac] <| Ve EE = | TE ~ 0-202. 


In other words, when the system parameters have been chosen so that 
the integral estimate 


I= ( (2 + 12) dt 
0 


Z 
Xo £ /é 
g 


Fie. 170 


is minimized, it is ensured that the transient process in the system for these 
parameters will not go outside the limits of the arca lying between, the curvos 
(Fig. 170) 


If any curve lying inside this areca, and not only tho initial oxponontial 
t 


z=2(0)e * , satisfies the technical conditions laid on tho transiont procoss, 
then the selection of the paramctors is finished. 

The deviation of the resulting process from the exponential process to 
which it had to approximate by tho choice of paramotors, proves to be smnallor 
the bigger 7 is. Therefore in choosing the exponential to which we want tho 
transient process to approximato, it is not possible to fix tT oxceodingly small. 
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Let it be required by the technical conditions that the transient process 
does not go outside the limits of the curve shaded in Fig. 171. Of course it can 
happen that while the initial exponential 
—_ 
xz=a(O)e °* 


was chosen so that it does not go outside these limits one of the curves 


x=x (O)e vale —or «=2( (O)e. — rye may do so. Then we must change 
Tt 


the value of t (choose another exponential lying inside the shaded contour) 
and repeat the calculation. 

It is convenient, however, not to fix the value of + from the very start 
but to determine all the required quantities in the form of functions of +. We 
demonstrate this method by an example. 

ExampLe 4. We return again to Example 2, but now do not determine 
kh and + until the end of the calculations, and find them so that they satisfy 
the given technical conditions in the best way. To do this we express hy; 


Imnin and Ax as functions of vt. 


We return. to the differential equation 


2 aa tha ch ~ + 30= 0 


with the previous initial conditions: 
x(0)=1, x#(0) =0. 


Wo select the integral estimate 


I= i Vdt, 
0 


where V = a + 12y7, 
In this case 


A,=1, A,=t, w, (0) =1, x, (0) =0. 
Putting these values in the relations found above, we obtain 


1 21 _ kh, 8241 
Buw=3Zr Ba= ot Ge Fa= Et eR 


and, consoquently, 


h 372 +] 
I= By, 23 (0) =p +— a. 
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Taking the derivative ot and equating it to zero, wefind h as a function of 7?: 


dh 
hnin = |} (9t? + 3) - 
Putting h,,;, in the expression for J obtained above, we find: 
r ] 
Linin = | 72 3° 


But Inin min = 7T23(0) = T, since 2,(0) = 1; whence we obtain: 


Fic. 171 


Now, changing t, we find t = t* for which both curves 


t ~—-- ee 
—_s ] 
ex (0) ¢ +|Jr+ge- 


and 


-£ yj 
stay within the region shaded in Fig. 171. 
Then h = / (97*2 + 3) is tho required valuo of h. 


(e) Zhe sequence of calculations 


There are two possible sequences of calculations for selecting the 
system parameters, starting from the integral estimate 
I = { (w+ 7? #) di. 


0 
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The first sequence is: 
1. Choose t so that the exponential 


t 
at*=a(Oe 7 


satisfies the technical conditions laid on the transient process for the 
given initial condition 2(0) (which is determined by the given dis- 
turbance). 

2. Find U(0) as a function to the unknown parameters of the 
system, i.e. those parameters which it is required to select. 

3. Minimize this function, i.e. determine the values of the un- 
known parameters for which the function U(0) attains its absolute 
minimum Un, (0). 

4. Find 

€ = U min (0) — Tx? (0) 


and compute <= . 
Tt 
5. Construct the region bounded by the curves * = 2* + 2 and. 
T 


eo = eZ — / a 
ro 

If all curves lying in this region satisfy the technical conditions, 
then the parameters of the.system are found. If not, repeat the com- 
putation, varying the values of t. When it proves to be impossible to 
select + so that there is any curve in the resulting region which satis- 
fies the technical conditions it is necessary to change other, known, 
paramters of the system and to repeat the computation. 

Lhe second sequence of operations is: 

1. Taking rt to be one of the unknown parameters, find U(0) as 
a function of + and the other unknown parameters. 

2. Minimize this function with respect to the other unknown para- 
meters, i.e. determine for what values of these parameters U(0) 
attains its minimum, this minimum value of U(0) itself being a function 
of tr. 

3. Find « as a function of t. 

4. In the x, é-plane, construct the region bounded by the curves 


~  ¢ 
x=2x(O)e * +/+ 
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and 
~ + [ ¢ 
x= x(O)e -|'= 
for various values of vt. 

If we can find t = t* giving a region for which all curves lying 
in it satisfy the technical conditions laid on the transient process, 
then the values of the unknown parameters for t = t* are taken as 
the optimal values. 

Selecting the parameters on the basis of integral estimates is con- 
siderably more worthwhile than selecting them from the degree of 
stability, although the computations involved in the use of the in- 
tegral estimates are more tedious. 

Despite this, often, particularly in cases when the properties of 
the system are given by the equations of the process (by the transfer 
functions), the integral estimates are a much simpler method for the 
guided selection of the optimal parameters. 


7. Estimates of the Process on the Basis of the Form 
of the Frequency Characteristic 


In Section 4 of this chapter it was established that the transient 
process can be expressed as a function of the real frequency characte- 
ristic of the closed system P(w) with the help of the integral 


x(t) = — (P(e) sin wl da. (1.35) 
w 


From expression (4.35) it follows that very different systems have 
only slightly differing transient process when their real characteristics 
are similar. A more detailed consideration of (4.35) enables us to make 
some preliminary statements concerning the character and peculiarities 
of the transient process z(t) on the basis of the form of the real charac- 
teristic P(w) without having to construct the process itself. Several 
criteria of this sort are given below. Only some of them can be proved 
rigorously, the others are obtained from the considcration of a large 
number of typical examples or deduced for special but very common 
forms of the characteristics P(w). The use of the thirteen criteria 
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given below therefore requires care, and the results of the investi- 
gation must be checked by a construction of the transient process. 

We consider the real frequency characteristic of a closed system. 
Its rough shape is given in Fig. 172. Let 


P, = P(0). 


A frequency interval over which P(w) is positive is called a 
positive interval, and the end-point of this interval will be denoted by wp. 


P(e) 


P(9) 


+0,1P(Q) --m mm nnn onc 


-o1p(q) | ---—-—-——— 20 Ss 


Fie. 172 


Parallel to the w-axis we draw the two straight lines P = +0-1P, 
(see Fig. 172). The value of the frequency w,, after which the curve 
P(w) does not go outside the strip bounded by these lines, determines 
roughly the boundary of admissible frequencies of the given system, 
if it is static. The interval of frequencies bounded by the frequency 
w, is called the allowable strip of the automatic control system. The 
system will practically not react at all to frequencies lying outside 
the allowable strip. 

Criterion 1. The value of the real frequency characteristic at the 
point w = 0 is equal to the value of the coordinate at the end of the 
transient process, 1. e. Py) = x(%). 

This property of the real frequency characteristic is easy to prove. 
From the theory of the Laplace transform it is known that 


lim pL[ax (t)] = lima (t). (4.36) 
p70 t—»00 
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Moreover, for a unit action on the system 


L{x(t)] = P(p) LLL], 


or 
@ 
P 
Putting this value of pL [x(t)] in (4.36) we obtain: 
lim pL [a (¢)] = lim @ (p) = lim a () , 
p-—>0 p->9 t~>o 
or 


lim @ (p) = x (00). 
p90 


But Im @ (0) = 0 and, therefore, Re (0) = P(0) = xz(0°). There- 
fore, from the above, in an astatic system 


(oo) = P(0) = 0. 


Criterton 2. In a static system, in order that the size of the over- 
shoot expressed in percentages of the static error does not exceed 
18 per cent, 1.e. 


Smax~ "" + 100< 18%, 
L on 


it is sufficient (but not necessary!) that the real frequency character- 
istic shall be a non-increasing function of the frequency. 
We represent the integral (4.35) in the form of a sum 


2n/ ‘p 


x(t) = — 2 f Be) F(®) gin wtdw + — — {-2 (2) in wtda +.. 
14 
0 reff - 


If the function P(w) is always positive and non-increasing, the 
terms of the series will decrease in magnitude and their sign will be 
determined by the sign of sin w ¢ in the given interval of integration. 

From the theory of series it is known that the sum of an alter- 
nating decreasing series cannot exceed its first term in magnitude, i. e. 


re/t 


sin wt da. 
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The inequality is only strengthened by putting P(0) instead of P(w). 
Then P(0) can be brought out from the integral sign 


zt 


=< Po) | sin wt do. 
0 


33) 


The last integral is transformed by the substitution 


dy 


ot =y, dw = va 
We obtain: 
qt y 
0 
But 
i Siny dy = 1-85. 
“ 7] 
Therefore 
2 (t) PEO 195 = 2 x 18505. 
aL mL 


Subtracting x, from both sides of the equation we obtain: 


x (t) — x (co) <|= x 1-85 — 120, 
JU 
giving 
—_ | 
20 — #1) vio — x 1-85 — 1 x 100 18%. 
x (co) Tt 

In practice the real frequency characteristic -usually intersects 
the w-axis. But by using the given criterion we can often ignore that 
part of the characteristic which corresponds to frequencies lying out- 
side the allowable strip. 

Criterion 3. In order that the transient process shall be monotonic 
it is sufficient that the real frequency characteristic be a positive 
function of w with a negative derivative decreasing absolutely in 
magnitude. 
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Criterion 4. The process is known to be non-monotonic and to 
possess overshoot if the condition | P(w) |< P(0) is not satisfied for all w 

Parallel to the w-axis we draw the two straight lines P = +2(c). 
On the basis of this property of the real frequency characteristic we 
can assert that if the given characteristic goes outside the limits of the 
strip bounded by the two lines P = -+x,,, then the transient process 
in the system of automatic control will not be monotonic. We note 
that this criterion is only sufficient, for the real frequency character- 
istic can remain inside the limits of the indicated region, even when 
overshoot takes place in the system. 

Criterion 5. Overshoot in the system is known to exist, i.e. the 
process is known to be non-monotonic, if the inequality 


| P(@) | < P(0) Ga) 
is not satisfied, where 


G (w) = cos —— . 
1+ —2 
w 


Criterion 6. If the condition of monotonicity (Criterion 5) is satis - 
fied, then the control time ¢,, i.e. the time required for the coordinate 


. 4 
x to reach 95 per cent x(°°), is known to be greater than ali 1.e. to 
(63) 
p 
An 
t, >——. | 
Wy "+ 
From this criterion it follows that the steeper the curve P(o) is, 


the larger the control time ¢, will be. 
Criterton 7. In the general case the control time is known to be 


IC 
greater than ——. 


e e p 
Criterion 8. If P(w) can be represented as the difforence between 
two non-increasing functions, each of which satisfies Critorion 3, then 
the overshoot, expressed in percentages, is known to be less than 


[vas Pax _ 4 , 
Po 
i. ec. Lmax — X (co) 


-.100< [1-18 ee —1) 200, 


% (oo) P(0) 
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Criterion 9. Let the transient process x(t) correspond to the real 
frequency characteristic P(w), and the transient process z(t) to the 
real frequency characteristic S (w). 

Then if P(nw) = S(@), i.e. if the characteristics differ only in 
their scale along the w-axis, then the transient processes corresponding 
to them 2(¢) and x(t) will be connected by the following equation: 


2] = S(o). 
n 

In other words, if the curves of the real frequency characteristics 
P(w) and S(w) only differ in having different scales along the fre- 


———a— 


quency axis, then the transient processes z(t) and x(é), corresponding 
to them, will differ by the same amount in the scale along the time 
axis. From this criterion follows the criterion: the more hollow the shape 
of the real frequency characteristic, the faster will the transtent process 
be concluded. 

To prove this criterion, in (4.35) we put P(nw) instead of P(w) and 
find x(t): 


= = —(—S° sin otdo 
1 8) 
We introduce the new variable 
Q = no 
Then 
—— 9 P(Q) . t .Q 
t)== — | —~— sind —d 
0 AL | 2Q/n nN 
0 
or 
x(t) = =| P(®) sin Q “dQ 
7% Q 
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Criterion 10. If, in the positive interval 0 < wm < am, one real 
frequency characteristic passes above the other, 1.e. 


P; (a) <P, (), 
then the transient processes x, (f) and x, (¢) corresponding to them will, 


1G . 
in the interval of time 0 << —., be such that they satisfy the 
m 
inequality 
Lo (t) < a, (é). 


P P 
Criterion 11. If 2 “<< 1-3 and aa) ~: 1 in the frequency 


interval w < 0-lo,, then the overshoot does not exceed o = 30 per 
cent and the control time is determined by the inequality 


Zetmc =. 
Wp Op 

As well as estimating the process on the basis of the real frequency 
characteristic P(w) we sometimes also use the amplitude character- 
istic A(w) = | Wie) |. 

Criterion 12. If the amplitude characteristic has a high and sharp 
peak for the frequency w = w, then the transient process contains a 
lightly damped oscillation with frequency w. The steeper and higher 
the peak the smaller is the damping of this oscillation. The damping 


Al 
is taken to be sufficient if r 2 


<. For the values of x the numbers 


1-3, 1-5 and in some cases 2 also, are recommended. 

We note that when the characteristic equation of the system has 
purely imaginary roots -Liw, i.e. the degree of stability is equal to 
zero, the amplitude characteristic A(w) has, for a = @, an infinitcly 
high peak. The estimate of the process made from the height of the 
peak of A(w) is, therefore, closely connected with the estimate of the 
process made from the degree of stability. 

Just as there are no general basic recommendations for the choice 
of the optimal value of the degree of stability, so there are none for 
the choice of x. The values given above have been obtained by experi- 
ment for systems of concrete types. Criterion 12 can successfully be 
applied only when the optimal value of x is known from exporienco 
of the design and testing of similar controllers. 
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Of all these criteria, the greatest value is attached to 

Criterion 13. If two systems of automatic control have real 
frequency characteristics which do not differ significantly, then the 
transient process in these systems will differ only slightly. The differ- 
ence in the transient processes will be smaller, the smaller the differ- 
ence, for low frequencies, between the frequency characteristics. 

In fact 


=) == | 2) sin wt de 
a7 w 


0 


] 
contains under the integral sign the factor — . The difference in P(w) 
60) 


will, therefore, affect the magnitude of the integral more for small 
frequencies than for large. Large differences for large frequencies give 
small differences in the initial strips of the graphs of the transient 
processes. 

The special feature of this rule consists in the fact that it estab- 
lishes a criterion for the equivalence of completely different systems 
from the point of view of the identity of the transient processes taking 
place in them. Guided by Criterion 13 we can, by investigating simple 
systems (for example, single-loop systems, consisting of two or three 
stages) form an index of real characteristics and their corresponding 
transient processes. Then, when planning a new system, we can select 
from this index a process which satisfies the given technical conditions 
and find the typical real frequency characteristic corresponding to it. 
The problem is then reduced to fitting the real characteristic of the 
proposed system to this typical characteristic. In many cases the 
solution of this problem is helped by the use of the other criteria listed 
in this section and by using logarithmic characteristics. 

In those cases when the design office systematically plans con- 
trollers of onc type, it compiles indexes of its previous designs, using 
experimental data, and includes in them the characteristics of both 
those designs which have been completed, and those which have not 
yet been finished. Such-indexes, the concentrated product of the ex- 
perience of the design office, as they become more complete, become 
the basic material for the designer, helping him purposefully to plan 
new controllers. 
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8. The Analysis of Systems with Random Disturbances 
Given Statistically 


So far we have assumed everywhere in this chapter that the 
control process is caused by an external disturbance which is a given 
function of time. Sometimes, not only in special control systems, but 
also in normal industrial systems, the external disturbance on the 
system varies continuously and randomly, so that there is no point 
in analysing the system for a unit disturbance or for any other of the 
disturbances mentioned above. As an example consider control sys- 
tems with objects which are subject to continuously changing loads, 
or the calculation of controllers which are subject to the continuous 
action of noise, such as the result of the shot effect in the amplifier 
valves, or of vibrations in chassis, etc. In such cases we take only the 
statistical characteristics of the external action on the system for our 
data and the aim of the calculation consists in determining the static 
characteristics of the process (for example, the deflection in the 
controlled parameter) which is caused by this disturbance. 


The characteristic of a random process 


By a random process is meant here a random quantity continuously 
dependent upon time. In particular, a random quantity can be the 
instantaneous value of the input disturbance on the system, and the 
output reaction corresponding to it. If we record the random process 
over a sufficiently large interval of time and compare sufficiently long 
sections of the record, then they will not coincide, due to the random 
character of the process. But their statistical characteristics can prove 
to be identical if the process as a whole does not have a tendency to 
damping or to intensification. Such arandom process is called station- 
ary.* In this section the random processes are everywhere assumed to 
be stationary and we shall not point this out again. 

Let x(t) be a random process. 

Let us suppose we are given a sufficiently long record of the 
random process x(t). We divide (Fig. 173) the t-axis into equal inter- 
vals of length 4¢, and consider the values of x(t) at the points 

* The definitions given here of ‘‘random process” and “stationary ran- 
dom process” are not exact, and Jean more on the intuition of the reader 


than in exact facts. The exact definition of these concopts will be found 
by the reader in specialist textbooks. 
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t= kAt(k=0, 1, 2,..., MN —1). The total number of ordinates 
considered will be equal to N. 

Let us fix any value x and suppose that the number or ordinates 
at the considered points which are smaller than x is n. Then n is a. 
function of x; it tends to WN for large x and to zero for small x. 

The function 


7 (2) 
F (x)= — 4 
(x) NW 
x(t) 
A 
At 
Fie. 173 


is called the distribution function of the given random process. Its. 
derivative 
dF (x) 

dx 


is called the density of the probability distribution. In Figs. 174 and 175: 
examples are given of a distribution function and its corresponding 
distribution density. 

We call expressions of the form 


1 +T 
< == lim —— | x(t) dt 4.37): 
_—T 
and 
iP 
x2 = —— | x? (t) dt 4.38 
a | (t) (4.38) 
_—T 


respectively the mean and the mean square of the process x(t). 
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Let us now consider a function of the real variable +, defined by 
the equation 


T 
R,(t)=lim + a(t + 1) a(t) dt. (4.39) 
Too 27 
—T 
F (ee) 
ae 
Fig. 174 
w/a} 
x 
Fie. 175 


#,, (t) is called the auto-correlation function. In its place we often 
consider the normalized auto-correlation function defining it by the 
equation 

1, (t) == Zl) (4.40) 
fi, (0) 
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If two random processes x(f) and y(t) are given, then the functions 


+T 
Ryy (t) = Tim al w(t) y (f+ 1) dt (4.41) 
—T 
and 
| _ By (2) 
Ney (t) = VE) EO 6) 3 0) (4.42) 


are called respectively the mutual correlation function and the normal- 
ized mutual correlation function. 

If a sufficiently long record of the random process is given, the 
auto-correlation function can be calculated immediately from formula 
(4.39), by replacing the integral by a finite sum and successively giving 
different values to t. Special machines called correlators can be used 
for this purpose. The recorded process is input into the machine on 
paper or magnetic tape, and the machine calculates immediately the 
graph of the function or its values for different values of v. 

For this purpose it is convenient to copy the oscillogram of the 
process on to tracing-paper and then lay the tracing-paper on the 
oscillogram, displacing it by the amount 7 along the ¢-axis. The cal- 
culation of the correlation function then reduces to the multiplication 
of corresponding ordinates and the summation of the products. 

In the analysis of automatic control systems the following pro- 
pertics of autocorrelation functions are important: 

l. The value of the auto-correlation function for + = 0 is equal to 
the mean square x 

R,.(0) = #2. (4.43) 


This follows immediately from the definition of R, (t) and 2. 
2. The value of the auto-correlation function for 170 does not 
exceed its value at tr = 0, 1.e. 


R(t) <R,,(0) or 7, (t)<1. (4.44) 
To prove this property let us consider the obvious inequality 
[a (t) tu(t+r)P>0 
a (4) 2 (t+ t) > 2a (t) w(t + 7). 


or 
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We integrate the right- and left-hand sides with respect to ¢ from 
—T to +7, divide these integrals by 27 and pass to the limit as 
T—> co; 


+T +T 


lim _ ( 22 (t)dt-+lim { x2 (t + 1) dt > 
T->0 2 T+ oa oT . 
~—T —T 
j +T 
2 lim —~ | a(t)x(i-+-t)dt. 
= ne OT (¢) x (t 4- T) 
—T 


Fie. 176 


We may take ¢t + 7 in the second term on the left hand side of 
this inequality as a new time t*; then dé = dt* and we sce at once 
that the second term is equal to the first, which is equal to the mean 
square. On the right-hand side of the inequality we have twice the 
auto-correlation function. Therefore 


2 xe? > 20, (7) 


and on the strength of the first property R,,(0) > £ (7). 

3. If the given process does not contain non-random constituents, 
then It, (t) > 0 as r—> 40°. But if x(t) is the sum of a random process 
and a constant constituent, a, R,,{(t) > a? as t—> +00 (Fig. 176). Lf, 
Sinally, x(t) is the sum of a random and a given periodic process, in the 
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lamit as t—> 0° the function R, (r) becomes a periodic function with 
the same frequency (Fig. 177). 
This property follows immediately from the definition of the 
auto-correlation function and from the fact that the auto-correlation 
n 
function for 2(¢) =a is a*, and for x(t) = > a, sin (kat + @,) is 
k=1 
n 
- azcosko. 
k=1 


Rx(T) 


Fic. 177 


Processes for which a random action is added to a constant or a 
periodic action are encountered very frequently and it is difficult to 
establish the presence of both actions from the record of the process. 
The construction of the correlation functions enables us at once to 
isolate these cases and by removing the non-random constituent, to 
obtain the correlation function for the random process alone. 

We now return to a consideration of the random process 2(?) 
itself. 

_ The function x(t) has no Fourier transform, since as t —- oe it does 
not tend to zero. We therefore introduce the function x, (¢) which is 
equal to x(t) for 7 <¢< T and is equal to zero for all other values 
of ¢ (Fig. 178). The Fourier transform of this function exists; it is 
bounded and tends to zero as f-> co : 


+T 
®,, (iw) = ( ay (the de. (4.45) 
—T 
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Then we can consider the function 


@* (iw) = lim —_ @,.,, (tw) (4.46) 
T+o QT 
as the conditional Fourier transform of the random process 2(t). 
The square of the modulus of this complex function 


S (w) = | (i) 2 (4.47) 
is called the spectral density of the random process x(t). 
x(t) 4 xrlt) 
x(t) 
‘ (0 
/\ i i / PN at | a 
Vy \ ) \ : 
--T tT 
Fia. 178 


By definition the correlation function of x, (¢) is of the form 


T 
Rp(t) = = i xy (t)tr (t+ t)dt for -T<i<T, (4.48) 
—T 


Rr = 0 for ¢< —T and t> +7, while the correlation function of 
a(t) ig equal to | 
R(t) = lim R, (t). (4.49) 
T-> 


The function R- (rt) has the Fourier transform 


co co -+T 
Dp, (iw) = R, (t) e!¢* dr = sn | | X(t) ay (tb + 7) a e-ler dr, 


—% —0o —T 


THE CONSTRUCTION AND THE EVALUATION 323 


In the integral between square brackets, the limits of integration 
can be widened to — oo and + co without changing the result of the 
integration, since the integrand is equal to zero fort << —T andt>T. 

Then 


Pp, (to) = = | dt | tr (t) vy (¢ + 1) e7toG+> plot dz — 


[>] 


= oT j Gr (t) ei! di i) tr (t+ 4) e Et) dr, 


a OS 


Introducing the new variable ¢ + + = 4 and putting ¢ = const 
in the second integration (with respect to t), we obtain: 


co 


Bz_ (iw) = a i se (t) el dt f se (A) e-™* AA, 


— 0 wan OO 


Recalling the relation (4.45), we find that the function Dp, (2m) 
is real, and not complex, and is equal to 


Bp. (w) = a G,.,(iw) Bx, (— to) = = 1D, (iw)|2. (4.50) 


We now take the limit of the left- and right-hand sides as J’ — oo: 
; , 1 oar 
lim Pr, (a) = tim or |... (t@)|* . (4.51) 


On the strength of (4.46) and (4.47) the right hand side is equal 
to S(w). We can consider the left-hand side as the conditional Fourier 
transform* of the correlation function Kr (r), just as the conditional 
Fourier transform of the random process x(t) was introduced above. 


* If the given process x(¢) is such that A(t) tends to zero as T—> ©, 
then there is no need to introduce the conditional Fourier transform for 
R(t) and OR (w) = Gp (w) is the Fourier transform in the usual sense. Bear- 
ing this caso in mind, we shall speak of the Fourier transform of the func- 
tion &(t) and omit the asterisk in Dp (w). 
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Then 
@,(w)= J R(r)e "dr = 8 (w) (4.52) 
and, conversely, 


R(t) = = S (w) e** dev, (4.58) 


— 0 


Remembering that R(r) is an even function, and that S(w) is 
real, we can omit the imaginary parts which equal zero, and replace 


ort,  T, 


Fria. 179 


the integral from — oo to + © by twice the integrals from 0 to + oo. 
Then we obtain 


S(w)=2 ( R(t) cos tw dr (4.54) 
0 


and 
| w 
l . 
L(t) = =| S (w) cos tw dw. (4.55) 
7 


0 


i.e. the correlation function and the spectral density are the cosine Fourter 
éransforms of one another. 

Formula (4.54) is used to construct the spectral density directly 
from the given correlation function. To do this it is necessary to re- 
place the curve &(z) by a broken straight line or segments of an ex- 
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ponential, after which it is easy to carry out the integration (4.54) 
for the sections 0 — 7,, 7, — %, ... , (Fig. 179). 

Often, in concrete problems, we can approximate to the function 
A(t) for 0 << t < o by the sum of several simple functions, such as 
exponentials, and, by putting them in (4.54), compute the integral. 

Now putting + = 0 in (4.55) and remembering (4.43) we obtain: 


= | 

x2 — —| S(w) do. : (4.56) 
Ne | 
0 | 


le. the mean square of the random quantity is equal to the integral 
of spectral density, along the semi-axis w > 0, divided by =z. 


The connexion between the spectral density of random processes 
at the input and the output of a linear system 


Let an external action act at the input of a linear system, and let 
this action be a stationary random process. As a result of this dis- 
turbance the output coordinate of the system will change with time 
and the function 2», (¢) will then also be a stationary random process. 
It is required to find the statistical characteristic of the process at the 
output of the system, knowing the statistical characteristic of the 
random disturbance. 

The most simple relation is that established between the spectral 
density of the disturbance S,(w) and the spectral density of the 
process at the output of the system S, (w). 

In order to find it, put 


Loy for —T<i<cT, 
0 fort<—T andi>T7, 
a, for —~-T<t< T7, 
0 fort<—T andt>TZ. 


Hy == Lout and 2,7 = Lrout = 


= %, and p= ey, = 


Then there exist Fourier transforms for x,7; and x,; and these are 
related by the general formulae of linear control theory 


Dx = Pr 7° P (iw) , 
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where P(t w) is the amplitude-phase characteristic of the closed system 
from x, to a. 

Dividing this equation by 27 and taking the limit as 7’ > oo on 
the strength of (4.46) we find: 


Px 7 = Px,7 P (ta) , 


whence 


| Pzir)? = | kar? |P (to) |?. 


Recalling the definition of the spectral density (4.47) we obtain: 


G,, (@) = Se, (00) | (in)]2 (4.57) 


i.e. the spectral density of a random process at the output of the linear 
system ts equal to the spectral density of the external disturbance at the 
input, multiplied by the square of the modulus of the frequency characte- 
ristic from the input to the output of this system. 


The sequence of calculations for a system 
when the disturbance is a stationary random process 


We begin the calculation by processing a sufficiently long record 
of the disturbance. With the aid of a correlator or by direct calculation 
(in this case the integral being replaced by a finite sum) we find from 
the record the correlation function of the disturbance. If this corre- 
lation function does not tend to zero as t—> ©, but tends to the value 
A(t) = a* then the mean of the disturbance is equal to a. In this case 
it is necessary to shift the origin in the calculation of the disturbances 
to a, and in the correlation functions to a?, so that in the new co- 
ordinates the mean of the disturbance and the value of the correlation 
function will equal to zero as t > ©. 

From the correlation function found in this way, we construct the 
curve of the spectral density. To do this we replace the correlation 
function by a broken line (or we use some other approximation) and 
then compute the integral in (4.54) by parts. 

Then, using the basic relation (4.57) we find the spectral density 
of the random process at the output of the system, first having ccn- 
structed the graph of the square of tho modulus of the amplitude- 
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phase characteristic as a function of the frequency, and multiply the 
ordinates of this graph by the values of the spectral density of the 
disturbance at the same frequencies. 

Using a planimeter on the constructed curve of the spectral den- 
sity of the output from formula (4.56) we can find the mean square 
deviation of the coordinate of the system for the given input random 
process. 

The greatest time in this calculation is spent in determining the 
spectral density of the input disturbance. 

The calculations needed in the determination of the spectral den- 
sity of the input signal can, however, be mechanized by the use of 
correlators and simplified by satisfactory representation of the cor- 
relation function in the form of a sum of several elementary functions 
(lines, exponentials, etc.). 


9. Concluding Remarks 


It is, of course, not possible to construct the control process or to 
estimate its course by linear methods if, due to the technical conditions, 
it is necessary to carry out the calculation for large disturbances (for 
example for a total break in the load on the object, or for a sharp 
displacement of the tuning element from one extreme position to the 
other, and so on). The use of linear methods in the construction and 
evaluation of the process is only justified in three cases: 

(a) When the control process is described by linear equations not, 
only for small disturbances, but also for any given disturbance (in 
this case the use of linear methods enables us to design the system 
completely). 

(b) When only some of the technical conditions must be satisfied 
for sufficiently small disturbances (in this case the linear analysis is 
of a limited value and is used to ensure part of the technical conditions). 

(c) When the technical conditions demand that the process satis- 
fies the given requirements for any disturbances, including small ones 
(in such cases it is necessary first of all, using linear methods, to ensure 
the required course of the process for sufficiently small disturbances, 
and only then to verify that the requirements on the process are also 
satisfied for large disturbances). 

The sequence of the calculations when using linear methods is 
determined mainly by the form in which the initial material is given: 
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whether in the form of the equations of motion (the transfer function) 
or in the form of frequency characteristics. 

If we start from the equations of motion, then it is most conve- 
nient to use integral estimates for the preliminary choice of the 
parameters. 

After using these indirect estimates to select optimal values of 
the parameters we calculate the roots of the characteristic equation, 
and from the Heaviside formula caiculate the transient process. If it 
does not satisfy the technical conditions, then it is necessary to change 
the values of the parameters in some way and once again to calculate 
the roots of the characteristic equation, and from them the process. 
The work involved in constructing the process for fixed values cf the 
parameters can often be made easier by the use of the graphical 
methods described in Section 3 of this chapter. It is especially con- 
venient and simple for single-loop circuits not containing a large 
number of oscillatory stages and including other stages with similar 
time constants. 

When the initial material for the calculation is given in the form 
of the frequency response characteristic the calculation begins with 
the preliminary estimate of the process from the real and amplitude 
frequency characteristics. Then, two methods are possible. If sufficient 
information has been gained from the frequency characteristics of 
similar systems and from their corresponding transient processes, we 
must choose a frequency characteristic which meets the requirements 
of the transient process and which satisfies the technical data. After 
this the system parameters and the stabilizing means are chosen so 
that the frequency characteristic: of the given system approximates 
to the selected one. Checking is carried out by constructing the process 
from the resulting real characteristic (by dismembering it into tra- 
pezia and using the tables of the h-function). 

When sufficient material about the frequency characteristics of 
similar systems is not available, we can now only choose the initial 
parameters for the evaluation of the process by indirect methods. 
Then, by dividing the characteristic up into trapezia and using the 
h-function tables, we construct the process. If it docs not satisfy the 
technical conditions, then the parameters must be changed (using the 
indirect criteria given in Section 7), and the real frequency character- 
istic and the process must once again be constructed. 

The total coefficient of amplification of the system K is almost 
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always one of the selected parameters. In these cases it is convenient 
to reconstruct the frequency characteristic from the D-partition curve 
for K. 

Thus, if there is not much experimental material for similar 
designs and systems, then both in the calculation which makes use of 
the equations of the process, and in the calculation which ases the 
frequency characteristics, we must find the optimal parameters by 
selection, each time testing the choice of the parameters by con- 
structing the process. Indirect estimates of the process which guide us 
in selecting the initial parameters make it much easier. 

Various methods have been developed for the synthesis of a 
linear control system for the given technical conditions and for the 
synthesis of stabilizing assemblies. These very attractive methods still 
require 4 great deal of testing in their practical computational operations 
and are not described in this book, since in the synthesis of a system 
for given technical conditions non-linearities have to be taken into 
account even more than in its analysis. 

The calculation of the control process becomes considerably more 
complicated in those very common instances when the technical data 
Jays bounds on the process for large disturbances, or when the equations 
for large disturbances are non-linear, or evel more in those cases when 
the system contains non-linearizable elements and their presence 
cannot be disregarded. This relates, in particular, to general industrial 
controllers: pneumatic universal controllers of almost all types which 
are now very widespread. They usually contain two non-symmetric 
relays (such as in Fig. 27 and 28). When the processes taking place are 
controlled slowly, i.e. when the time taken to set up the object of con- 
trol is incomparably greater than the setting-up time in the controller, 
we can ignore all the time constants and damping in the controller 
and consider it as if it were a device instantaneously realizing the 
required laws of the controlling action. 

If this law is linear, then we can use linear methods. But very 
often (for example, in the control of outflow, pressure, etc.) the times 
needed to set up the object are of the same order as those needed for 
the controller. Linear methods are then not applicable, and to analyse 
the system we must use non-linear methods, which have been studied 
considerably less. 

In the simplest cases, when the non-linear elements can be is- 
olated, the process can be constructed by the graphical method de- 
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scribed in Section 3. The parameters of the system must then be chosen 
at random, by trial an error, each time checked by constructing the 
process. In the more complicated cases various other methods of 
numerical or graphical integration of non-linear differential equations 
are ased. These methods are described in many courses on numerical 
and graphical methods of approximative analysis, and therefore 
usually their study is not included in courses on automatic control 
theory. Up to now we have not succeeded in making use of the specific 
character of the differential equations describing the processes in 
automatic control systems to simplify these general methods very 
much or to determine any other indirect estimates of the control 
process in non-linear systems from them which are suitable for tech- 
nical calculations. 


CHAPTER V 


AUTO- AND FORCED OSCILLATION 
IN NON-LINEAR SYSTEMS 


1. General Remarks Concerning Periodic States 
in Non-Linear Systems 


In Chapter II equations describing the control process in a real 
system (the initial equations) were derived, but they were then sim- 
plified and replaced by linear differential equations with constant 
coefficients. In this way the analysis of the real system was replaced 
by the analysis of its linear model. 

In our consideration of the conditions for the stability of the 
linear model it was established that its stability or instability depended 
only on the properties of the system and was completely independent 
of the magnitude of the initial deviation, and that in an unstable 
system the deviations of all the generalized coordinates grew without 
limit whatever the initial conditions. 

If we do not consider systems whose parameters correspond 
exactly to the boundary of the region of stability, then in the linear 
model only two types of motion turn out to be possible. In a stable 
linear model, after any initial deviation, the values of the generalized 
coordinates tend over the course of time (monotonically or otherwise) 
to the values corresponding to the position of equilibrium. In an un- 
stable lincar model, on the contrary, after any initial deviation, the 
values of the generalized coordinates monotonically or non-monoto- 
nically increase in absolute magnitude. But when the parameters cor- 
respond exactly to the boundary of the region of stability, undamped 
oscillations are possible. The amplitude of these oscillations will de- 
pend on the initial conditions. A very slight change in the parameters 
will cause the oscillations either to become damped or to increase 
without limit. No other motions are possible in the linear model. 
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Observation of real automatic control systems has shown that 
the motions in them are considerably more varied than those in the 
linear model. 

In real systems undamped oscillations will often occur. These 
oscillations possess a definite stability: after the disturbance they are 
restored after a certain time, i.e. both the form of the oscillations and 
their frequency are restored. We can change the form and frequency 
of these oscillations by changing the system parameters. 

It is not only with regard to the possibility of undamped oscil- 
lations that the motion in a real system differs from that in its linear 
model, for in real systems, as opposed to linear models, the character 
of the motion often depends on the magnitude of the initial deviation. 
In real systems there can exist a threshold for the initial deviations 
such that initial deviations staying within it cause motions which 
coincide with the position of equilibrium, while after initial deviations 
which go above the given threshuld, stable undamped oscillations are 
set up in the system. 

In a number of automatic control systems not only one, but 
several states of undamped oscillations arc possible, where it depends 
only on the magnitude of the initial deviations which of these oscil- 
lations is set up in the system. Thus it can frequently be observed, for 
example, that after small initial deviations in the system high- 
frequency undamped oscillations are set up, which are restored after 
an initial deviation which does not exceed the defined threshold. But 
if the initial deviations do exceed this threshold, low-frequency un- 
damped oscillations of considerably larger amplitude are set up in the 
system. 

A phenomenon of this sort can be caused only by factors which 
are not taken into account in the consideration of the linear model. 
These factors are the non-linearities which were replaced by linear 
relations (in the case of linearizable non-linearities) or else were com- 
pletely ignored (in the case of non-linearizable non-lincaritics) on 
transition to the linear model. To describe the above motion and, in 
particular, undamped oscillations, by means of equations we have 
now to take the non-linearities into account. 

In the absence of external periodic actions the undamped oscil- 
lations in the automatic control systems about which we have spoken 
arise only because of the internal properties of the contrul system. 
Their frequency as a whole is determined by the properties of the 
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system and changes when its parameters change. These are the 
characteristic auto-oscillations, which arise as a result of the equality 
between the losses in energy during the oscillatory cycle and the influx 
of energy from outside, non-oscillatory, sources. Usually the con- 
trolled object or amplifiers provide this external source of energy. 
It is only because of the presence of non-linearities that this balance 
of energy in the oscillatory cycle is possible, and the calculation of 
the conditions for the existence of undamped oscillations reduces in 
essence to the determination of the conditions for the realization of 
this balance. 

The basic content of this chapter consists of methods serving to 
determine the parameters of the auto-oscillations and the conditions 
for their existence. For this we shall consider the question of the search 
for periodic solutions of the initial non-linear equations describing 
‘the control process. 

Periodic solutions are important not only because some of them 
(namely, the stable periodic solutions) correspond to auto-oscillatery 
states. In some of the simplest cases a knowledge of the periodic 
solutions enables us to estimate all the varied motions possible in the 
given system, and the conditions for existence of periodic solutions 
enable us to determine the values of the parameters for which the 
character of the motion changes. 

We first consider only systems of equations which differ from 
linear systems by the presence in one of the equatious (the first, say) 
of a non-linear function of one of the coordinates. 


A system of this kind can often be reduced to the form* 


n ne 
by = > ay, 2 +f (%), LZ, = > Aj H;, (5.1) 
j=l j=l 
where i = 2,...,nandkis any number from 1 ton. 


Putting y = f(z,) and assuming at present that f(x,) is a conti- 
nuous, smooth function (i.e. with a continuous derivative), we elimi- 
nate all the coordinates apart from y and 2; (and can now omit the 


* In control theory we also come across cases wher the system of equations 
(5.1) contains severa] non-linear functions or non-linear functions of several 
variables. Such cases will be considered very briefly below. 
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index &). As a result we obtain 


d" xz d 1g 
——— + a, ———- +... + a, "= 
Ay qin + ay yeni T + 
ary, amty (5.2) 
— > —~*~ +5 --- +OnY; 
0 aim + 04 qin + + y 
y = f(x), 


‘where a; and b; are constant coefficients which are obtained by the 
usual procedure for the elimination of superfluous coordinates*. 

Starting from expressions which we shall explain below, in Section 
1—7, it will everywhere be assumed that the open system is stable, 
i.e. that all the roots of the equation 


a, p> +a,pri+...tfa,=0 


fie to the left of the imaginary axis. 
The given system can now be represented by a conditional linear 


K (p) 
D (p) 


stage with transfer function W (py) = where 


D (p) = 4 p? +a, pp"? +. + ay: 
K (p) = bp" + b, p™ t+... 6", 


which is closed by non-linear feedback (Fig. 180). It is required to 
determine the periodic solutions of this system of equations. 

Up to the present time, methods for the exact solution of this 
problem have not been found, even for the simplest special case, if 
the degrees of D(p) and &(p) are not restricted and if f(z) is an arbi- 
‘trary function (or even a continuous function). - 

If no restrictions are placed on the degrees of J)(p) and K(), the 
problem of determining the pcrivdic states can only be solved exactly 
tor a few casés when the characteristic f(x) consists only of straight 
line segments. Relay systems and some systems which are non- 
Jinear because of the forces of dry friction are typical systems of this 
kind. 


* For more detuil sec Section 3 and Appondix 1. 
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But even when f(x) is a piecewise-linear function, the problem of 
determining the periodic states reduces to the solution of a system of 
transcendental equations; it is possible to indicate a general method 
for the solution of these equations only in the very special case when 
J(x) 1s @ symmetric relay Z-characteristic and when the most simple 
symmetric periodic state is considered. 

In no other cases have exact methods for the determination of 
periodic solutions been found and we must have recourse to a variety 
of approximate methods. 


Linear stage 


Non —/linar 
efement 


Fie. 180 


For this reason the remaining contents of this chapter can be divided 
into two large parts. In the first part we explain approximate methods 
of determining the periodic states in cases when they are nearly har- 
monic, and in the second part we explain the exact determination of 
periodic states in systems with a piecewise linear characteristic for 
the non-linear element. 


A. THE APPROXIMATE DETERMINATION OF PERIODIC 
STATES WHICH ARE NEARLY HARMONIC 


2. The Conditions for Which Periodic States 
are Nearly Harmonic 


In Section 3 we shall consider one of the methods of approximate 
determination of periodic solutions based on the method of harmonic 
balance. 

If we are only using it to determine periodic solutions, this method 
is based on the assumption that the periodic solution is nearly har- 


336 THEORY OF AUTOMATIC CONTROL 


monic and that we can therefore look for it in the form 
a= Asinai, 


where A and w are the amplitude and frequency of the required 
solution.* 

To discover under what conditions this assumption is legitimate, 
and so to establish the limits within which this approximate method 
can be validly applied to problems of automatic control, we will dwell 
on the question of the propagation of a harmonic oscillation in the 
system represented in Fig. 180. 


Non —-/fnear 
element 


ay 


xX=A SINDyt 


Ei 


Fia. 181 


We open the system (Fig. 181) and suppose that the harmonic 


action 
x= Asin wyt 


is applied at the input of the system. Then the coordinate y changes 
according to the law 
y= f(A sin w, é) . 


The function f(A sin w, f) is periodic. We cxpand it in a Fourier scrics 


n . 
y =f (Asin ot) = Y + >) A, sin (ke, t + %;) 
k=l 
and represent it by a line spectrum, drawing lines proportional to the 
amplitudes corresponding to the harmonics y,, A,, A,,... at the 
points 0, wy, 2,5, 3w,, ... (Fig. 182). 


* The phase is assumed to be zero. This docs not limit the gonorality of the 
solution, since when the equation of motion docs not contain tit is clour that 
this can always be made true by the suitable choice of tho timo origin. 
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Of course, harmonics (and their corresponding lines in the spec- 
trum) need not exist for all frequencies which are multiples of ay. 
For instance, if the characteristic f(x) is odd, then the amplitudes of 
all the even harmonics (0, 2w,, 4m, etc.) are equal to zero. 

Consequently, in the linear part of the system there acts an oscil- 
lation whose spectrum is represented in Fig. 182 for the general case 
when all the harmonics are present. 

On the strength of the principle of superposition, the action of 
each harmonic is independent of the others. In accordance with the 


DO Wy 2 3Wg 4W_ 509 6H ww 


Fie. 182 


genera] laws concerning the propagation of an oscillation through a 
linear system, the oscillation 


K (0 n . 
= Loo) + S$ Afsin (kayt + 98), (5.8) 


is set up at the output of the linear part of the open system, where 


At = A, | 220) | 
D (tka) 
K (tkw,) 
* — arg ——_————__ . 
Pr Oy, + arg D (ike,) 


Thus, when a harmonic oscillation is applied at the input of an 
open system, non-harmonic oscillations are set up at the output. 
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The spectrum of these oscillations (Fig. 183) will contain the same 
frequencies as the spectrum of the oscillations of the coordinate y, 
but the length of each line (the amplitude of the harmonic) will be 


K (tko 
changed by a factor of Die 
The amplitude characteristic of the linear part of the system 
A= - om ml 
Ay 


0 ay 2ty 8H, 4uy FW, FW Ww 
Fie. 183 


enables us to establish at once how much the amplitudes of all the 
harmonics caused by non-linearities change when they are passed 
through the linear part of the system. To do this it is necessary, for a 
given value of the basic harmonic w,, to consider the ordinate of the 
amplitude characteristic at the points w= @,), w = 2@,, w = 30, 
and so on. 

From the above reasoning it follows that the oscillations of the 
coordinate x, (and even more, of y) which can be set up in a closed system 
are always non-harmonic. 

We can, however, find conditions for which the oscillations are 
nearly harmonic. There are two groups of conditions of this kind, and 
we shall consider them separately. 

1. We assume (although this cannot actually happen) that the 
Anear part of the system is a filter, completely blocking the frequen- 
cles w > @,, 1. e. that its amplitude characteristic for w > w, coincides 
with the w-axis (Fig. 184). Suppose, further, it is known that the 
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non-linear element gives rise to harmonics beginning with the Sth 
(for example, for an odd characteristic S = 3, or for an arbitrary 
characteristic S = 2). Then, whatever the remaining part of the 
characteristic y = f(x) does, the oscillations in the system will be 
strictly harmonic provided their frequency w, satisfies the condition 


We 


S 


< Wy < Dee 


In fact, with this condition all the harmonics produced by the 
non-linear element are blocked by the linear part of the system. 

If the amplitude characteristic were as in Fig. 184, we could look 
for periodic solutions of the form 


x= Asinaot (5.4) 


and, finding the frequency w = @,, verify whether it satisfied the 
inequality 


Ww 
“yy SP0< Me 


If the resulting frequency satisfies this inequality, then, in addi- 
tion, the initial assumption (5.4) is valid. If not, then this assumption 
as false, and it is not possible to find a periodic solution in the form 
(5.4). 

The linear part of a real system cannot have an amplitude charac- 
teristic like the one in Fig. 184, since A > 0 for all frequencies. 

But, remembering what we said in Section 7 of Chapter IV about 
the frequency of cut-off, we can usually ignore that part of the charac- 
teristic which lies to the right of the cut-off frequency, i.e. the real 
characteristic can come as near as we please to the characteristic of 
an exact filter which blocks all high frequencies with w > w, (Fig. 
185). 

In these cases, just as in the case of an exact filter, it is natural 
to assume that the oscillations are nearly harmonic, if 


(63) 
—- << W, <a. 
gS 


We call this assumption the filter hypothesis. 
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Of course, the conditions of a filter can only be realized if the 
linear part of the system is stable. Ifa non stable stage (not embraced 
by feedback) is present in the linear part of the system, when a 
harmonic disturbance is applied at the input of this part, no harmonic 
oscillation is set up at its output, since the constituents of the free 
oscillations are superimposed. Therefore the idea of a ‘filter’ in an 
unstable network has no physical meaning, and so there is no mean- 
ing and no point in substantiating that the oscillations are nearly 
harmonic on account of the linear filter. 


A 


Wp Ww, 
Wp A) 
Fra. 184 Fra. 185 


2. At first sight it would seem that the assumption that the 
oscillations are nearly harmonic is substantiated also when in the 
spectrum (5.3) the amplitude A{ is immeasurably larger than the 
other Aj(k = 2,3, ...), i. e. when the amplitude characteristic 


__ | K (tw) 
| D (iw) 


of the linear part of the system has a high and sharp peak. But this 
is not so. 

From this supposition alone, however high the peak, it still doos 
not follow that the shape of the oscillations is nearly sinusoidal. This 
is seen from the following very simple example: 


d2 x 
di2 


+ [ra — f(x)] = 0 
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or 
dd? x 
——— +rxr=y, whe = f(x). 
ap y n y= (2) 
In this case the amplitude characteristic of the linear part of the 
system A = ; has an infinitely high peak atw = //r, but the 


r—@? 
oscillations are nearly harmonic only if the function f(x) is small in 
modulus. Without this extra condition oscillations very different from 
harmonic could exist. 

Returning to the general case, let us suppose that the function 
f(z) is nearly linear and can be represented in the form 


f(z) = re + ups) , 


where uw is small. We can attribute the term rz to the linear part of 
the system. The amplitude characteristic of this “conditional linear 
system’’ will be 

A* = K (tw) 

D (tw) —rK (iw) 

In order that the oscillations shall be nearly harmonic, two condi- 
tions must be simultaneously satisfied: 

(a) The value of r must be such that the amplitude characteristic 
of the “conditional linear system’? A* has a sharp and high peak 
(Fig. 186). This same condition can be formulated as follows: the roots 
of Dip) — rik (p) = 0 must be so placed on the left of the imaginary 
axis that one pair of roots is near it. 

(b) The number uw must be small. 

In those cases when these two conditions are satisfied simul- 
taneously, we can say that the system satisfies the conditions of the 
auto-resonance hypothesis. 

The conditions of the filter hypothesis and of the auto-resonance 
hypothesis enable us equally to postulate that the oscillations are 
nearly harmonic and to find the oscillations in the form (5.4). 

But these hypotheses are not equivalent. The following principal 
differences exist between them: 

1. They rest upon different physical properties of the system: 
the filter hypothesis on the presence in any real system of a finite 
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range of allowable frequencies, while the auto-resonance hypothesis 
rests on the properties of several non-linearities weakly propagating 
harmonics and on the resonance properties of the linear part of the 
system. 

2. The requirements that the function f(x) shall be little different 
from linear have a different significance in the two cases. With auto- 
resonance this requirement is necessary even in the exact case (of an 
infinitely large peak in the amplitude characteristic A*). For a filter, 
this requirement is not essential in the exact case (of an ideal filter), 


K (10) 


A* == | ——_—_*_~___ 
D (io) —rK (tw) 


————fP 
i* 57 0)* iJ 


Fie. 186 


and arises only when estimating how far the filter can deviate from 
the ideal. 

In this sense the conditions of the filter hypothesis do not depend 
on the shape of the non-linear characteristic y = f(x). On the contrary, 
only exception at characteristics can be represented in the form 


f(x) = ra + up(x) , 


since the choice of the number r is predetermined by the linear part. 
of the system, and « must be small. 

3. In the case of auto-resonance, we can postulate beforchand 
that the frequency of the requircd harmonic solution shall be equal 
to the frequency corresponding to the peak of the amplitude charac- 
teristic A*, or shall differ little from it. In the case of a filter, it is 


AUTO- AND FORCED OSCILLATION IN NON-LINEAR SYSIEMS 343 


not possible to indicate beforehand the value of the required frequency ; 
it can be any of the frequencies lying within the admissible range 
of the linear part of the system. In this case we verify whether the 
harmonics have been filtered out, and whether the assumption that 
the oscillations are nearly harmonic is true only after the assumption 
has been made and the frequency of oscillation has been determined 
from it. 

In this reasoning we have considered the simplest case, when 
the system contains one non-linear function of a single argument. But 
the conclusions we have reached are also true in more general cases. 
The assumption that the oscillations of any coordinate are nearly 
harmonic can be substantiated in two cases: 

(1) af the linear parts of the system filter out other frequencies aris- 
ing fromthe propagation of oscillations through the non-linear elements, or 

(2) uf the non-linear characteristic 1s nearly linear, and, in addition, 
that due to this linear characteristic the amplitude characteristic of the 
linear part of the system has a high and sharp peak. 

Methods for finding periodic solutions of the equations of the 
control process in the form (5.4) basically depend on the fact that we 
are justified by the filter hypothesis or by the auto-resonance hypo- 
thesis in supposing that the periodic motions are of this form. 

When the harmonic character of the oscillations is explained by 
a filter, we must look for the solution in the form (5.4), where both 
the amplitude A and the frequency mw are required. About the fre- 
quency, we know only that it must satisfy the inequality 


w 
“o" <_ mw <= We. - 


In the case of auto-resonance, it is known beforehand that the required 
frequency is cqual to, or little different from, the frequency w* for 
which the amplitude characteristic of the ‘‘conditional linear system”’ 
has a peak. In this case in equation (5.4) we must take 


a=: w™* —- dw, 


whore 6@ is a correction to the frequency (of the same order of small- 
ness as “) and tho solution must be sought in the form 


wot Asin (@m* + de) ft. 
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Methods in which the solution is looked for in the form 
x= Asinwt, 


where A and m are the unknowns, are therefore called filter methods. 
An example of a filter method is the method of harmonic balance, 
of Krylov and Bogolyubov.* 
Methods in which the required solution is of the form 


z= Asin (w* + 6a) f, 


where A and 6 are unknowns (ém is a small number of the order 
of u), and where w* is known from Fig. 186, are called auto-resonance 
methods. They include such methods as those of Van der Pol, Bulga- 
kov; it is easy to show that the Poincaré method is related to them 
(if we restrict ourselves to finding the periodic solution to the first 
approximation) and so are other methods. 

In problems of automatic control theory (in contrast to applied 
electronics problems) the conditions of the filter hypothesis are often 
realized, while those of the auto-resonance hypothesis are extremely 
rarely satisfied. We shall therefore give basic attention to filter 
methods. In Section 6 we demonstrate the process of calculation which 
is characteristic of auto-resonance methods. In this section we discover 
for what cases the autoresonance methods Jead to the same result 
as the filter methods. 


3. The Approximate Determination of Auto-oscillations 
by the Harmonic Balance (Filter) Method 


Let us consider the simplest special case, when the equations 
reduce to the form (5.2). We assume in addition for the present that 
the characteristic f(x) is odd, but not necessarily single-valued (in parti- 
cular, vf can contain loops). We will look for x in the form 


x= Asin wl, (5.4) 
where A and w are the unknowns. 


_. * This method was originully suggested for systems which satisfied the con- 
ditions of the auto-resonance hypothesis, although lator on it was Sound that 
it is also applicable in the case of a filtor. 
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Putting (5.4) in (5.2) we find: 


+a 


of a, 
© din 7% dynm1 


+e... ¢,| A sin ot = 
=| sat b, a bn | (A sino). 


We now rewrite this equation in the shortened form: 


d d 
pi—| Asi t= K(— Asin wt), 5. 
ra sin w ra sin wt) (5.5) 
where 
d cd” q-1 
D\|—-\=a,—— +a, —— 
7] (0G 7 8 gpa Tn 
and 


d qm-1 
K — pb, —- +5, 
rai °e aun +e 1 gyn. Qe 


are operators, which indicate the operations which must be performed 
on the function written after them. We expand the periodic function 
f{A sin @ t] in a Fourier series. Since f(z) was assumed to be odd, this 
series does not contain a free term”: 


f{[A sinw t] = B,(A)sinwt+C,(A)coswi+ ... 


We assume that the conditions for the filter hypothesis are 
satisfied. From the reasoning given in the previous section, it follows 
that this means we can ignore the harmonics contained in the spectrum 
of the oscillations of x. Because of this we can omit the higher har- 
monics in the expansion in scries of f[A sin wt], since they give rise 
to lines in the spectrum of the oscillations of the coordinate which 
are so small that they can be ignored. 

We therefore obtain: 


J(Asin ot) = B, sin wt -+ C, cos wt , 
were B, and C, are determined by the usual formulae for the co- 


* If {(a) is single-valued as woll as odd, then C,(A) == 0 (for proof, sce p.000). 
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efficients of a Fourier series: 


Pe 
B, =—| f(Asinz)sinedz= B,(A), 
It 


0 


27 
C*; =— | f(Asin2) cose = C, (A). 
7 
0 


Now equation (5.5) can be written: 


AD se) sin wt = B, (A) K{<,) sin wt + C, (A) K | cos ct. 


We now introduce two auxiliary identities. 
In the obvious identity 


L (=| eft — TD (te) elt, 
dé 

ad), ; d dd 
where 1 =| is one of the polynomials D (<r and K ar | , we separ- 

at di dé } 
ate real and imaginary parts: 

L ea [cos wt + 7 sin wi] = 
di 
= [Re Z (iw) +¢Im L (iw)] [cos at +7 sin wt] = 


= [Re Z (iw) cos wt — Im L (tm) sin wt] +- 
+ i[Re ZL (tw) sin wt + Im L (te) cos wl]. 


‘Equating them separately to zcro, we obtain: 
L ea sinwt = Im L a elat — 
dt di 
== Re L (im) sin (wl) + Im L£ (ta) cos cot , 
L (<| cos al = Ro L Fa elot —- 
rr di 


= Re LL (iw) cos wt --- Im JE (iw) sin ot. 
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=K Fa and using 
di 


Taking in turn L (<-| —f) (<1 and =L | a 
dt di dt 


the above identities, we perform the operations 


D =a sinat, K s] sin at 
dt dé 
and. 


K S cos wt. 
di 


The equation (5.5) then reduces to the form 


A[fRe D(iw) sin w ¢ + Im D(2m) cos w t] = 
= B,(A) [Re K(tm) sin w ¢ + Im K(iw) cos w t] + 
+ (,(A) [Re K(tw) cos w ¢ — Im K (io) sin o ¢]. 
In this equation we equate the cocfficients of sin wt and cos at 
separately to zero and find 
A Re D(tw) = B,(A) Re K(tw) — C,(A) Im K(to) , 
A lm D(itw) = B(A) Im K(tw) + C L(A) Re K(tw). 


Multiplying the second equation by 7 and adding it to the first 
AD(iw) = B,(A) K(tw) + C,(A) [1 Re K(tw) — Im A (to)]. 


If we now bring 7 out of the square brackcts, we obtain: 


AD(i w) = [B,(A) + i0,(A)] K(i @) , 


or 


I (iw) == R(A), | (5.6) 


where 


oa 


- P hie) | R(A) = By (A) + 1C (A) 
| A 


The expression on the left-hand side of equation (5.6) 


I (iw) + P (vo) 


EK (ta) 
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itself represents the amplitude-phase characteristic of the first kind 
of the linear part of the system, i.e. the ratio of the complex ampli- 
tude of the input quantity of this part of the system to the complex 
amplitude of its output coordinate for steady oscillations. 

‘The expression on the right.hand side of equation (5.6) 


_. £1 (A) + 10; (A) 


R (A) rr 


— B(A)+i0(A) (5.7) 


is equivalent to the amplitude-phase characteristic of the second kind 
for a non-linear element. An oscillation of amplitude A acts at the 
input of the non-linear element, and at its output an oscillation having 
a first harmonic with complex amplitude B, + iC, is set up. Hence 
R(A) is the ratio of the complex amplitude of the first harmonic of 
the oscillation set up at the output of the non-linear element to the 
amplitude of the steady oscillation at its input. The quantity (A) 
is sometimes called the reduced transfer function of the non-linear 
element, or the describing function. 

Functions R(A) for some typical non-linearities are set out in 
Table XVI. 

Jn the complex plane we now construct two hodographs (Fig. 
187): the hodograph J(tm), i.e. the amplitude-phase characteristic 
of the first kind of the linear part of the system (the parameter being 
the required frequency w), and the hodograph f(A), the reduced 
transfer function of the non-linear element (the parameter being the 
required amplitude A). On the strength of equation (5.6) the point of 
intersection of these two hodographs determines the required amplitude 
A and the frequency of the periodic solution. 

Of course, the results are true only if the initial assumption, 
that the periodic solutions of the considered equations were nearly 
harmonic, is true. The validity of this assumption can now be tested 
from the amplitude characteristic in the way explained at the end of 
the previous section. We can also do this directly from the amplitude- 
phase characteristic of the first kind which was constructed to prove 
the existence of periodic solutions. For a filter tho radius-vectors of 
the points corresponding to the frequencies of the harmonics are con- 
siderably larger than the radius-vector of the point corresponding to 
the obtained frequency of the periodic solution. 
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The points of intersection of the hodographs in Fig. 187 for which 
the frequencies do not satisfy this condition must be excluded from 
our consideration. 

If the hodographs J(2w) and (A) intersect at several points, 
and each of them satisfies this condition which results from the filter 
hypothesis, this points to the presence of several periodic solutions: 
each point of intersection of the hodograph determines one of them. 


Fria. 187 


If there are no points of intersection, there is no nearly harmonic 
periodic solution. From this, of course, it does not follow that the 
system in general does not have periodic solutions, since by using filter 
methods we can only find periodic solutions whose frequencies satisfy 
the incquality 


(Oe 
— LWo<w,, 
AY Cc 


(60) 
and the question of the existence of periodic solutions with # < a 


remains unanswered, since they cannot be found in the form (5.4), 
We assumed above that the characteristic f(z) was odd. This 
assumption is rarely fulfilled. Indeed, in static systems, the position 
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TaBLe XVI 


FORMULAE FOR THE CALCULATION OF R(A) 
FOR TYPICAL NON-LINEARITIES 


Graph of (2) | R(A) 


B(A) =a” 2 (a’ — a”) | aresin 2 


0 AT resin 20 
B(A)=a =| aresin +} +- 


3 ho a 

For A > Ty -|- y ) B (st) = 7 (a. - Oy [- 

Ld e . gd ris 
-|- sin 20, — sing, whore a, -- uresin “A < “ys 


_ L fo) % yy | 
Oo = aresin | (4, + + 2S y (A) .0 
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TABLE XVI 


FORMULAE FOR THE CALCULATION OF R(A) 
FOR TYPICAL NON-LINEARITIES 


No. Graph of (2) | R(A) 


4f Re 
VII B(A) =—2% _ {2% — 2loto 
(A) ral (<2), 0 (4) = 2 
B(A _1 ls 2 C(A = + gin? 
( ) == (vw —ysin v1) ( ) = — sin V1 
V IIT 
2 (A — o,) 
where y, = arc cos 1 ~ =| <7 


on the characteristic of the point of equilibrium which determines 
the origin of x depends on the load, and even if the characteristic is 
symmetric with respect to some point, only for some unique value 
of the load does the origin of coordinates turn out to be at this point. 
Whatever the form of the characteristic f(x), the assumption that it 
is odd has, therefore, no meaning when the system is static. For static 
systems equation (5.6) ts not suitable for determining the periodic states. 

But if f(x) is not odd, and, at the same time, the equation D(p) = 
= 0 has no zero roots, the existence of periodic states becomes notice- 
ably more complicated. 

In this case the periodic solution must be looked for in the form 


g=H+Asinoal, 


where 0 < H < oo, and it is necessary to determine the three quanti- 
ties #H, A and a. 
Putting this value of z in the equation 


we obtain: 


D) ea [#4+-Asinot}]=- K Pale + Asin wt]. 
f Cl 
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The first terms of the expansion of the function f/[# + A sin w ¢] in 
a Fourier series are equal to 
f(#H + Asingot) x S(#, A) + BF, A) sinwt + CL(#, A) cos wt. 
Then, just as before, in determining the periodic states, we obtain 
two equations 


I (iw) = R (B, A} (5.8) 


and. 


| 


| a, =0,S(H, A), | (5.8’) 


where 
R(E, A) = B, (H,A) Ss (Hi, A) . 


The equation (5.8), as before, is obtained by equating the terms 
containing sin wt and cos wt, and the equation (5.8’) by equating 
the free terms. 

It is immediately seen that for both the conditions an = 0 (i.e. 
E = co) and the condition bz, = 0 (i.e. H = 0) it is not possible to 
find a periodic solution in the form 


a=H+Asinwoit, 0O< H <oo. 


The case 0, = 0 is not encountered in control problems, since 
this would mean that the loop of static actions was closed. In the 
case @, = 0 the system contains an astatic stage, and such a system 
cannot be closed by a non-linear stage with a non-symmetric (not 
odd) characteristic, since an astatic stage, by integrating the static 
deviation, continuously increases it and LH — ce. 

If a, # 0 and b, + 0, then it is necessary first of all to determine 
all pairs of numbers H, A, satisfying (5.8’). To do this we construct 
in the £’, H-plane the family of curves / = S(E£, A) for various values 
of A, and find the points of intersection of these curves with the ray 


F= i. E (Fig. 188). 


The pairs of numbers H, A, satisfying equation (5.8’) which we 
obtain are substituted in &(H, A). In the construction of this hodo- 
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graph, each of its points bears not one, but two values. Its inter- 
section with the hodograph J(7 w) determines at once the three required 
numbers: the amplitude of the auto-oscillations, A, their frequency 
wm and the magnitude of the displacement of the zero line of # 
(Fig. 189). Of course, each time it is necessary to verify that the 
frequemcies of the periodic states found satisfy the conditions of the 
filter hypothesis. 


co 


A, Ae As r 
A- Var 
Fria. 188 


Returning to odd characteristics we note, in conclusion, that in 
the case when the function f(x) is not only odd, but also single-valued, 
the coefficient C, = 0, and the hodograph (A) lies along the real 
X19. 

For 


- =~ 


22 2 


; | {(Asinz) cosede = =; | | f(Asinz) A cose de + 
tA | |) 
0 0 


ae 
2 


C,=-' 
IU 
-}- | f (Asin z) A cos zdz-+ | f(A sin z) A cos 2 dz +- 


4 Er 
< 
27% 


-|- | f(Asin2) 4 cos de ; 
. 


@ 
“yt 
a 
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We perform the substitution 


y= Asinz, 
giving 
dy = A cosz dz. 
Then 
A 0 
1 
0 = | [i(w) av + Ji(w) av + 
tA |.) 
0 A 


0 


+ freer frimay] 


—A 


Fie. 189 


If the characteristic f(x) is not single-valucd, i.e. it contains a 


loop, and if the area of this loop between x = —A and x= A is 
equal to #’, the sum of the four integrals in square brackets, is J’. 
Therefore, 
Cy = fF . 
tA. 


In the special case of a single-valued characteristic 4: 0, and 
therefore C, = 0. 

In this case it is not necessary to construct the hodographs and 
the whole construction can be performed in the real plane. Thus, for 
an odd characteristic (# = 0) from 


I(iw) = R(A) 
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for real R(A) we obtain 
Im [(tw) = 0, 


Re (iw) = R(A). 


From this tt follows that when f(x) is a single-valued function (i.e. 
does not contain a loop) the frequencies are determined independently of 
the amplitudes and depend only on the linear part of the system. They 
are equal to the complex roots of the coefficient of the imaginary part of 


A; A, A 
Q) 


Fra. 190 


the characteristic equation of the conditional linear system, which would 
be obtained if the given system were closed through a linear inertialess 
amplifier y = ku instead of a nonlinear element, and if k were then 
increased until a pair of roots of the characteristic equation reached the 
imaginary axis (k = k,,). Therefore, for single-valued characteristics the 
Srequencies of the nearly harmonic periodic solutions do not depend on 
the form of the characteristic of the non-linear element and are found by 
the wntersection of the curve 


with the straight line 
R= Re I(t) 


(Fig. 1908). 
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In fact, such a conditional system has the characteristic equation 


D(p) — kK(p) = 0. 


yon te 1 (to), 
K (iw) Go) 


The boundary values of k are determined by the condition 
kp = Rel (tm), 


where w is found (Fig. 190a) from Im I(é w) = 0, i. ce. from the same 
conditions which gave the frequency of the auto-oscillations for a 
single-valued non-linear characteristic. 

The amplitude of the auto-oscillations in the given case is deter- 
mined simply from the condition 


vfs (A) = I ap 


aed 
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EXAMPLE. A single-loop network is closed through a relay with ‘‘dead- 
space” (Fig. 191). 
The equations of the non-linear element are: 


—f, when 2Z> 0), 
0 when — 0) <2 < 0, (5.9) 
+f, when 2%<~— 0%. 


y = (2) = 


Fie. 193 


For such a relay (see Table XVI) 


way = 38 [2 -()> 
C(A) =0. 


Constructing the hodographs J(tw) and &(A) = B(A) on one graph, 
we find from it the frequencics and amplitudes of the possible periodic states 
(Fig. 192). Of course, the states we obtain can include unstable states too 
(sce below). 

Wo construct the amplitude characteristic of the lincar part of the system 
(Fig. 193) and along the w-axis we put the obtained frequoncics w,, w, and w, 
and tho froquencies of the harmonics* 3w,, 3a,, and 3w,. Suppose, for example, 
that they are situated along the w-axis as in Fig. 193. The frequencies 3a, 
and 3w, lic outside the admissible range of the system, and therefore the system 
with equation, (5.9) hus a periodic solution which is nearly harmonic with 
froquencics w, and w, and with tho corresponding amplitudes A, and A;. 

The periodic solution we have found with frequency @, is doubtful and 
must be verified by an exact mothod, since it has boon found on the assumption 
that the oscillations aro nearly harmonic, and tho frequency lies within tho 
admissible range of tho lincar part of the system. 
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4, The Approximate Determination of Forced Oscillations in 
the Presence of an External Periodic Action 


So far in this chapter we have spoken of an automatic control 
system containing non-linear elements, but free from any external 
actions. Often it is necessary to consider non-linear systems subject 
to external periodic actions. 

The motions arising in a non-linear system under the action of 
external periodic actions differ essentially from those arising in linear 
systems with similar conditions. 

We recall the three basic properties of the steady motions pos- 
sible in linear systems under the action of external periodic disturb- 
ances: 

(a) The steady motions are always periodic; their frequency is 
the same as the frequency of the external action. 

(b) The amplitude of the steady motion is directly proportional 
to the amplitude of the external action and is a single-valued function 
of the frequency. 

(c) The stability of the steady motions depends only on the pro- 
perties of the system, and is completely independent of the amplitude 
and frequency of the external action. 

From this, as we showed in Chapter II, a single curve serves 
as the amplitude-phase characteristic of a lincar system. 

In contrast to a linear system, in non-linear systems: 

(a) As well as frequencies and amplitudes of the external action 
for which the steady motion is periodic with the same frequency, 
there can exist frequencies and amplitudes of external actions which 
cause non-periodic (almost periodic) steady motion. In this case this 
steady motion is the sum of several harmonic oscillations. One of them 
has a frequency coinciding with that of the external disturbance, 
and the second (or others) has a frequency near to that of the auto- 
oscillation (or auto-oscillations) which exist or are possible in the 
system when the external periodic action is absent. 

(b) The amplitude of the periodic steady motions and the ampli- 
tudes of the separate periodic constituents of the non-periodic stcady 
motions are not proportional to the amplitude of the external action, 


_* The froquoncios 20, 2a, and 2, are not in the spectrum, sinco the charac- 
teristic is odd. 
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but are non-linear functions of it. The form of this function depends 
on the properties of the system. 

The amplitude of the steady motions also need not be a single- 
valued function of the frequency and amplitude of the external 
action. 

(c) The stability of both periodic and non-periodic steady motions 
depends not only on the properties of the system, but also on the 
amplitude and frequency of the external action. 

This means that the amplitude, or amplitude-phase, characteristic 
of a non-linear system, determined by analogy with the same charac- 
teristic of a linear system, cannot be constructed for all values of the 
frequencies and amplitudes of the external action, but only for those 
which cause periodic steady motions in the system. Moreover, such 
characteristics consist not of a single curve, but of a single-parameter 
family of curves: each curve corresponds to one value of the amplitude 
of the external action. 

Finally, some sections of these curves can correspond to stable, 
and others to unstable, periodic motions. 

We describe below the application of the harmonic balance 
method to the approximate determination of similar characteristics 
for non-linear systems. 

Suppose that at the input of the linear part of the system (see 
Fig. 180) an external periodic action S sin wt, acts in addition to 
the output coordinate of the non-linear element, i.e. the equation 
of motion is of the form 


d d a 
b| 5 r= K( 5 ty + Ssin wt], | (5.10) 
y = f (2) 
or 
D ab == x |= ry | EF (a) + S sin wt]. (5.11) 


arc the operators whose meaning was ex- 


d di 
Hore D | and K > 
plained in the previous scction. 
We restrict ourselves to the case when the function f(x) is odd, 
and, consequently, the oscillations of the coordinate can only be 
symmetric with respect to «7 = 0. 
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We discussed above the fact that in auto-oscillatory or potentially 
auto-oscillatory systems, when an external periodic disturbance is 
present, both periodic and almost periodic oscillations can be set up. 
Here we only consider the question of determining the periodic 
steady states. Now it is no longer possible to arbitrarily dispose of 
the time coordinate origin — it is fixed since ¢ enters explicitly in 
equation (5.10). Consequently, in the given case it is essential to deter- 
mine not only the amplitude of the steady oscillations, but also their 
phase shift relative to the external harmonic disturbance. Therefore 
we look for the steady periodic oscillations of the coordinate x in 
the form 

x = Asin (wt — vy), (5.12) 


where A and y are constants to be determined, and w is the frequency 
coinciding with the given frequency of the external disturbance. 
Putting (5.12) in (5.11) we obtain: 


d 
D| + Asin (wi—y)=K ea {f[A sin (wt — y)] + S sin ot}. 


(5.13) 


As in the previous section, we replace the periodic function 
J{A sin (@ t — y)] by the first harmonics of its expansion in a Fourier 
series: 


fA sin (ot — y)] ~ B,(A) sin (mt — vy) + C,(A) cos (w tf — v). (5.14) 
Making use of the identities 


L 


—— 


sin wat = Re L (tm) sin wt + Im LZ (iw) cos of, | 
3 (5.15) 
L | ar | cos wf = Re L (iw) cos wf — Im L (im) sin wl, | 


which were proved in the previous section, and from the obvious 
identity: 


sin@t = sin (wt — y) cosy + cos (wt — y) siny, 
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we can reduce the equation (5.13) to the form 


A[Re D(z w) sin (w ¢ — y) + Im D(2 w) cos (wt — y)] = 
= B,(A) [Re K(t w) sin (at — y) + Im K(t @) cos (wt — y)] + 
+ 0,(A) [Re K(t w) cos (w t — vy) — Im K(t o) sin (wt — y)] + 
+ Scosy[Re K(i w) sin (wt — y) + Im K(t @) cos (wt — y)] + 
+ Ssiny[Re K(i w) cos (wt — y) — Im K(2 @) sin (wt — })]. 
(5.16) 


In this equation we equate the coefficients of the terms in sin (@ ¢ — y) 
and the coefficients of the terms in cos (wi — y): 


A Re D(t w) = B,(A) Re K(t w) — C,(A) Im K(t w) + 

+ Scosy Re K(t wo) —Ssiny Im K(to@) , 
A Im Dit wo) = B,(A) Im K(i w) + C,(A) Re K(t w) + 

+ ScosyIm K(t1 a) + Ssiny Re K(z a). 


(5.17) 


Multiplying now the second equation of this system by 2 and adding 
it to the first, we obtain: 


AD(iw) = [B,(A) + 1C,(A)] K(tw) + SK(iw) (cos y + ti sin y).(5.18) 
As before, we put 


R (A) = — [By (A) + 40,(4)} 


Then, dividing both sides of the equation (5.18) by AK(iw), we obtain 
finally 


I (iw) = BR(A) + = el, (5.19) 


In this vector equation S and w are given and A and y are to be deter- 
mined. Jct us assume, however, that S and JA are given, and determine 
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w and y for which equation (5.19) is satisfied. To do this we return 
to the construction performed in the previous section to determine 
the auto-oscillatory state and to the two curves contained in it: the 
characteristic and the reduced transfer function A(A) (Fig. 194). 

We take the value 4 = A, and determine the values of w and 
y for which equation (5.19) is satisfied. To do this we put a compass 
point at the point of the hodograph F(A) corresponding to 4 = A,, 


S , ; ae 
and draw a circle of radius 7° The point of intersection of this circle 


Fre. 194 


with the hodograph J(tw) determines the required value of w,, and 
the angle, read anticlockwise as in Tig. 194, is the value of y. 

In fact, in this case a vector triangle is formed, determined by 
(5.19) and shown in Fig. 194. 

If the circumference has no points of intersection with the hodo- 
graph I(t w), this indicates that there are no periodic motions with 
the amplitude A = A, in the system for any value of w. If, finally, 
there are several points of intersection, there also exist several frequon- 
cies for which the oscillations of the coordinate « have the amplitude 
A =A,. 

By changing the values of A we can determine all the periodic 
motions possible in the system for any values of w or S. 
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3. Systems Containing Several Non-Linearities 


We return to a consideration of systems which are not subject 
to external periodic disturbances. We consider now systems which 
contain several odd single-valwed non-linear functions so that the system 
can be represented as a sequential network of the linear parts of the 
system and of the non-linear elements with odd and single-valued 
characteristics (Fig. 195). 


Fie. 195 


The equations of such a system are 


) 
D, [= v= Ky, ari d 
dt ct 
L, = fy (2X4); 
d 
Da 3 — K, ra Xo 
( 
%q = fe (Xs), ( 
Dn—2 ; os ioe Ky-2 | a Gn—2» 
di dé 


! 
“ee 


Assuming that the oscillations of any coordinate of the system, for 
example of x,, are nearly harmonic, we will look for the periodic 
solution for x, in the form 


“Xn = An sin wt. (5.20) 
Then 
A, D, (iw) |. , 
= _—- sin | of — ar A, sin (wi — 9,), 
Cy kk D (to) wv) £ K, (ico) |= 1 ( 71) 


K, (iw) 
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where 
A D, (iw) 
A, = _.,, —aro —it . 
Bite PE SK, (ia) 
K, (tw) 


The oscillations of the coordinate x, are: 
% = f,[A, sin (@ t — g,)] = A, R,(A,) sin (wt — gy) + --- 
Here R,(A,) is the reduced transfer function of the first non- 


linear element, so that A, R(A,) is the amplitude of the basic mode, 
and the dots denote harmonics.* Rejecting the harmonics** we obtain: 


A, f(A) .. D, (to) 
= = — y, — arg —2*—_ |= A t — Qs), 
La Dy (ia) sin | at — yy, rg K, (iw) 3 Sin (w Qs) 
K, (tw) 
where 
A, FR, (A) D, (tw) 
Ao = 1 Ao 1 _ ar 2 \ 
3 Dy (io) P3 = Py + arg K, (ico) 
Ae) 
Therefore 


2, = f,[A, sin (wt — 95)] = A, #,(A,) sin (Ot — -y) +... 


repeating the argument and moving further along the action net- 
work in this way, we obtain: 


A,3f , (Ans) D , (io) 
27 , 
a TD ay OF Pag = BEB ae (ica) 
K,, (io) 
[| oF (5.21) 


= A,,_, Sin (wt — ¢,_1), 


,= A, _y Ft, (An-1) sin (ot — y,_1). 


° 


*'Tho phase of the basic mode coincides with tho phaso of tho oxcilla- 
tions of z,, since the function /, is singlo-valued (seo p. 355). 


I ** See tho end of this section for the conditions undor which this is allow- 
able. 
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Equating (5.20) and (5.21) we find: 

n= Any R,(An-1))  — Yn = 9. (5.22) 
2 

Substituting the values of A,_,, and then of A,_, and so on, and 

dividing by A,, we obtain: 


D, (io) | De (3@) | | Dr» (to) 
K, (ta) Ky (io) || Kp (ico) 


= h, (A;) R, 2 (00) | A, hy (44)| x 


D, (ia) | 
S| Ev (io) 


Dz (iw) | De (iw) 


Ky (tw) 


eS 


x P| . 
Dy (1) 


ALR, (49) | - 


We denote the product of the functions on the right-hand side 
of the equation &(A,, w) and call it the free reduced transfer function 
of all the non-linearities. 

We note now that the left-hand side of the resulting equation 
itself represents the amplitude characteristic of the linear system 
which would be obtained from the given system if all the non-linear 
elements were removed and all the linear elements in the sequential 
network were connected. We denote it by 


D (tw) | 7. 
EE (io) | = |I (tw)|. 
Then _— 
11 (i@)| = R (Aco), (5.23) 


We obtain a second relation from the second equation of (5.22). 
It is 
arg 21.0@) 4 ang Pali) | _-( 

Ky (iw) Ky (iw) 


or 
—arg/ (iw) = 0. (5.24) 


This condition does not depend on the amplitude and at once enables 
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us to determine w. It is immediately seen that the frequencies of the 
auto-oscillations coincide with the frequencies on the D-partition boundary 
for the coefficient of amplification in the system obtained from the given 
one by replacing the non-linear elements by linear inertialess amopli- 
frers.* Hence, the frequency does not depend on the number of single- 
valued non-linearities or their form, and depends only on the linear 
parts of the system. 

Putting the frequencies found from (5.24) in (5.23) we find the 
amplitude A, for each frequency. 

From the reasoning given it follows that it is true only if the system 
can be reduced to the form shown in Fig. 195, if all the non-linear 
characteristics are odd and single-valued, and if the harmonics pro- 
duced by the non-linearities can be ignored. This last condition is 
satisfied only if the linear sections of the system separately block 
frequencies of 3w* and higher, where the w* are the frequencies found 
from (5.24). This condition must be checked after w* has been deter- 


2 (io) separatel 
K, (ico) | Peery 

If the first of these conditions is not satisfied, then similar reason- 
ing leads to two related equations for the determination of w and A,, 
whose solution is considerably more complicated. It requires the 


construction of a family of hodographs. 


mined from all the amplitude characteristics 


6. The Determination of the Auto-oscillations in the Case 
of Auto-resonance 


In Sections 3, 4 and 5 it was assumed that the system satisfied 
the filter hypothesis, and the auto-oscillatory states were determined 
by the harmonic balance method (by the filter method), i.e. we looked 
for the solution in the form 


x= Asinawt, 


where w could be any number which statisfied the inequality: 
a) 
"<a <a). 
S 


* Cf. p. 356. 
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Let us now suppose that the required periodic solutions can be 
assumed to be nearly harmonic not because of a filter but because 
of auto-resonance, i.e. that the equations are of the form 


D(phu=K (ply, — | (5.25) 
y = f(z) = re + pp (2), | 


where uw is small, and r is a positive number such that the charac- 


teristic equation 
Dip) — rK(p) = 0 (5.26) 


of the ‘conditional linear system’’ obtained from (5.25) for u = 0 
has a pair of imaginary roots p, » = +2*, and its other roots lie 
to the left of the imaginary axis. 

Let us suppose that f(x) is an odd function. We shall now look 
for periodic solutions in the form 


x= Asin (w* + do)t, (5.27) 
where ém is a small ‘‘correction to the frequency’’; it is of the same 
order as wu. 

Putting for the time being 


ao==w*+ do, (5.28) 


we put (5.27) in (5.25), and repeating the calculations performed in 
Section 3 above we obtain the equation (5.6). But now, taking (5.28) 
nito account, we can rewrite this equation as 


I[(w* + dw)] = R(A) 
or 
D{i(o* + 60)] = R(A) K[i(@* + 60)]. (5.29) 


Expanding the terms D[i(@* + 6w)] and A[t(m* + dw)] in 
series of ascending powers of 1 dw and ingoring the terms contain- 
ing the small quantity dw to the second and higher degreos, we find 


J) (or) + |) | t6m — VK (tw*) + 
AG) Jomo” (5.30) 
OK (10) idca| R (A) =: (). 
d (1) ® o* | 
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We recall that in the given case, due to autoresonance, 


F(Z) = rz + py(z) 


and therefore 
R(A) =r + wp R*(A), 


where #* is the aggregate of terms containing yu as a factor. 


(5.31) 


Putting (5.31) in (5.30) and ignoring terms which contain the 
product of the small quantities ~ and dw, since this product is of the 


second order, we obtain 
-Diiw*) — R(A) K(tw*) = —i A'(tw*) do , 
where 
A (iw) = D (iw) — rK (tw), and A’ (iw*) = | 
d (tw) 
Dividing both sides of (5.32) by A(tw*), we obtain: 
; A’ (tw*) 


I (ia*) — R(A) = — K (iw® 


dw 


We now note that 


A’ (io*) = d[D aa (tw)] ~ = 
AD (to) = TE) Fe 5ey «) 
=| 30 K (tw) ° of 


Differentiating the product and taking into account that 


A(io*) == D(tw*) — rh (iw*) = 0, 
we obtain 


dP (tw) — rk ey 


dia KX (ta) 
K (4 * ) | 
; dia 0 o* 
Hence, 
* ; ' 
3 A’ (iw bo) -|=2. -— I" (ée*) 
‘4 (iw*) da o-.o" 


(5.32) 
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and equation (5.32) reduces to the form 


| I (io*) = B(A) —D(iw*) b0. (5.38) 
po 


It is now easy to compare the results obtained for the same 
problem from the method based on the auto-resonance hypothesis 
with those obtained from that based on the filter hypothesis. In the 
latter case the amplitude and frequency are found separately from 
the intersection of the hodographs J(iw) and A(A) (Fig. 196). In the 
former case, as a result of equation (5.33) it is necessary to add to 
this construction the tangent to the hodograph I(tw) at the point 
© = w* corresponding to the propagated frequency, i.e. at the 
point where this hodograph first intersects the negative real axis 
(Fig. 197). The amplitude of the steady state is determined by the 
value of the hodograph at the point where this tangent intersects 
it, and the correction of the frequency is equal to 


dw = te ) 
|Z’ (tw*)| 


where J is the segment AB shown in Fig. 197. 

The sign of 6w is positive if the direction of the vector Z’(zw*) 
coincides with that of AB, and is negative if their directions are 
opposed. 

From the comparison of the constructions shown in Figs. 196 
and 197 it follows that the values of the frequency and amplitude 
of the auto-oscillatory states determined by the two methods will 
coincide exactly only when (A) is a real function of A.* In such 
cases the application of small parameter methods to systems not con- 
taining such small parameters but satisfying the filter hypothesis 
therefore leads to correct results. The coincidence or non-coincidence 
with the results of exact methods depends only on how exactly the 
filter hypothesis is satisficd, and does not depend at all on the magni- 
tude of tho small parameter. 

It is quite a different matter when &(A) is a complex function 
of A.** The amplitudes and frequencies found by starting from tho 


* io. when (2) is singlo-valucd (seo p. 354). 
** Fo. whon /(x) is not single-valiod (see p. 354). 
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auto-resonance hypothesis differ essentially in such cases from those 
found from the methods based on the filter hypothesis. This difference 
can be qualitative as well as quantitative. 


Vv 


R(A) 


I (iw) 


Fic. 196 Fic. 197 


Thus, for example, in the case given in Fig. 198, the application 
of auto-resonance hypothesis methods establishes that there are no 


Fra. 198 


periodic solutions, whereas the reasoning starting from ‘tho filter hypot- 
hesis indicates that a periodic state exists (point ‘A in Fig. 198). 

These discrepancies do not appear as a consequence of ignoring 
the harmonies, since they are also ignored in tho filter methods. 
They appear as a result of ignoring terms whose order of smallness 
exceeds that of the small parameter. The smaller the small para- 
meter, the less this discrepancy will be. 
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Thus, when (A) is a complex function of A, the application 
of methods based on the auto-resonance hypothesis to systems in 
which the harmonics are ignored on the basis of the filter hypothesis 
can be the cause of considerable errors. 

On the other hand, the application of methods based on the 
filter hypothesis to systems in which the conditions of the auto-reso- 
nance hypothesis are satisfied, not only does not lead to contradictory 
results, but also gives a more accurate solution. 

If, finally, neither the conditions of the auto-resonance nor of 
the filter hypothesis are satisfied in the system, i.e. if it is not possible 
to ignore the harmonics at the output of the linear part of the loop, 
then methods based on either of these hypotheses can produce mis- 
leading results. 


7. The “Slight” Stability of Periodic Solutions 
Approximately Found 


In the previous sections we have described simple methods of 
finding the periodic solutions in a number of cases. Only stable 
periodic solutions, however, correspond to auto-oscillatory states and, 
consequently, the problem of determining the auto-oscillatory states 
remains unsolved until the stable states are distinguished from the 
unstable ones. Forced oscillations in non-linear systems can also be 
stable or unstable. 

Let us return to the system 


d- d° , 
D{--)2 = K =] [y+ Ssin wl], (5.34) 
y = f(x) 
or | 
D (5 w= K(<| [7 (2) 4-8 sin wt] (5.35) 


and suppose that a periodic solution x =f7(t) with period 7’ has been 
found, such that 


D | fr (lt) = K ea {f [fr (t)] + S sin wt}. (5.36) 
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To study the stability of these periodic solutions, we will look for 
z in the form 
Then 
D (55 
di 


We now expand* the function f[(fr(t) + 4 x] in a series of ascending 
powers of Aa: 


x =fr(t) + de. 


Ur (i) 4 de] = K(X) {fr () + 40] Ssin ot}. 


Af (2) 
f Ltr (t) + Ae] = f fr ( ol+| . Latte 


Being interested only in the “‘slight”’ stability of the given periodic 
state, we shall assume that 4 xz is so small that all the terms contain- 
ing it to the second degree and higher can be ignored. Then 


d | Vy = 
D(S\fr + D| 542 


=K(> 7) \ Ut ol+| aa Az + Sino. 


+Ix=f7(t) 


Taking (5.36) into account, we obtain an equation for determining 
Ax 


D Fa Ac = xs a] Ac , (5.37) 
di di dx xe:f7(t) 
where | is a given periodic function of time. 
de Ixmfrty 


Since this equation docs not contain S it answers the question of 
the stability of the periodic state both in the auto-oseillatory case 
and in the case of forced oscillations. 

The given periodic solution is “slightly” stable if the position of 
equilibrium Ax = 0 ts stable in the system defined by equation (5.37). 
Thus, the problem of the stability of the periodic solution of a non- 


* Hero it is assumed that the function /(2) allows such wn, oxpansion,. 
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linear system reduces to the problem of determining the stability of 
the position of equilibrium in the linear system. However, the equa- 
tion of this linear system contains periodic coefficients, and this 
is the source of all the difficulties connected with the investigation of 
stability .of periodic states. 

We have, so far, succeeded in surmounting these difficulties only 
when the periodic state being nearly harmonic is stipulated by auto- 
resonance, and not by a filter. 

Bearing in mind the auto-resonance hypothesis, we shall consider 
further the case when an external periodic action is applied to the 
system, since the auto-oscillatory case can be obtained from it for 
S = 0. 

Let us return to equation (5.34) and, considering small deviations 
from the periodic state, we shall look for the oscillatory process in 


the form 
z=(A,+ 4A)sin [wt — (y,+ 4y)]. (5.38) 


We put (5.38) in (5.34): 


D(P) [((A, + 4A) sin (at —y7,—Ay)] = (5.39) 
= K(P) {f[(4, + 4A) sin (ot — yy — 4y)] + S sin w th. 


d 
Here P = —— is the differentiation operator with respect to t.* 


Starting from the presence of auto-resonance we can average the 
27 
function f[(A, + 4A) sin (wt—y,— Ay)] over the period > 


approximately representing it thus:** 


fU(A) + 4A) sin (wt — yy — Ay)] » 
rw (A, + 4A) g(Ay + 4A) sin (wt — yg — Ay) + (5.40) 
+ (A, + 4A) 0(A, + A A) cos (wt — yy — Ay), 


* We must distinguish between P = — and the complex variable used 


above in the expressions for the Laplace transform. 

** Tt is assumed that the expansion of f[A sin (w 7— y)] does not contain 
a free term. If there is such a term, and D(P) does not contain P as a factor, 
tho calculations are more complicated. 
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where (A, + 4A) and g(A, + 4 A) are the coefficients of the terms 
containing sin wt and cos wt in the Fourier expansion of the func- 
tion 

f(A, + 4A) sin (wt — yy — Ay]. 


Hence (5.39) reduces to 


D(P) ((A, + 44) sin (ot — yp, — 4y)) = 
= K(P) ((4, + 4.4) g(4) + 4A) sin (of — yp — Ay) + (5.41) 
+ (A, + 4A) b(A, + 4A) cos (wt — yy — Ay) + Ssino ¢). 


By the usual method of transferring to complex quantities, we 
obtain: . 
D (P) (Ay + 4A) eft 7 0+ 47) — 


(5.42) 
= K(P)(R(A, + 4A) (Ay + 4A) eft em rot 4y) 4. Seiot], 
HWquation (5.41) is obtained by equating the imaginary parts in 
(5.42). 

Using the easily verified identity 


S (P) [ely (t)] =e S (P + tw) p(t), 


where S(P) is any polynomial in P, we transform cquation (5.42) 
to the form 
| D(P + tw) (Ay + 4A) ei) — 


5.43 
= K(P + tw) (R (A, + 4A) (Ay + AA) ero 4) 4 8], 49) 
If we assume in (5.43) that 4 4A = 0 and Ay = 0, then we obtain 
equation (5.19) which served for the determination of the steady 
oscillations. We are now interested in small deflections from these 
steady oscillations, so we expand the non-linear functions contained 
in (5.43) in series in 4 A and Ay and ignore the non-linear terms of 
these series: 


D (P + iw) [Ay e779 + e- 0 AA — 4A, e-% Ay] = 
= K(P + io) [2 (A) Ay e-'o -E re Aye" AA + 
dA A= Ao 


+ B(A,) “4A — 4B (Ay) Ap e7#0 Ay + 81. (5.44) 
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Taking the steady state equation 
D (iw) A, eo = K (iw) [BR (A,) e7'¥o -+ S]. 
into account, we reduce equation (5.44) to the form 


E (Pio) —K(P-+iw) R(A,) —K (Pie) | 4,| 44 _ 
A=A0 


—iA,[D(P + iw)— K(P+%iw)R(A,)]4y=0 (5.45) 
or 
—iA,M,4y+M,4A=0, (5.46) 
where 


M,=D(P +iw) — K(P +iw) R(A,), 
M, = D(P + tw) — K(P + iw) R(A,) — 


— K(P + io) | A,. (5.47) 


A=Ao 


Equation (5.46) is an equation with complex coefficients, which is 
linear with respect to A.A and Ay. Let 


M,= U,+1V,, M, = U,+ 7V,. 
Separating real and imaginary parts in (5.46) we obtain: 
V,4A—A,U, Ay =0, U,AA+A,V, 4p =0, (5.48) 


where U,, V,, U,, V, are polynomials in P with real coefficients. 
The characteristic equation of the linear system (5.48) will be 


V, ~~ A, U, 
=A,(U,U ViV.,). 5.49 
U, + AV, 0(U,U, + ViV2) (5.49) 
Hence, the equation 
Re My, M, = 0 ) (5.50) 


is the characteristic equation which, by the distribution of its roots 
relative to the imaginary axis, roughly answers the question of the 
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stability of the given periodic state, where M, is a complex conjugate 
of M,, and the multiplication in (5.50) is taken to mean the usual 
multiplication of complex numbers. 

Expanding D(P +7) and K(P + 4 @) in series in P and putting 
these series in expressions (5.47) we reduce these to the form: 


= r 
u,= spr 
a= fT! O(iw)’ 
= r r=n gr 
M,=" a aL Pr+ A, va - Sr FP’, (5.51) 
fo 7! «=O (tw)” ray 7! «O8(tw)" LOA Jaa, 
where 
L = D(iw) — K(iw) R(A,). (5.52) 


If now we put (5.51) in (5.50), the characteristic equation reduces 
to the form 


by P27 + 6, Permit 11. +b, ~P +h, = 0, (5.53) 
where 

by = Rol * E+ 407], 

(n!)? 0 (tw)" 9 (tw)" 0A, 

n-1/. n 

b = 1 Re gr-1y |e 4, || + 

ni (n—1)! O(tw)"-+ | O(tw)” O(t@)” 

oe ° gully 4 oO grad Py th 
0 (ta)" ; (tw)?1 ° 8 (iw)! (io)\t-2 OA, 


_- ol WD yO 
bara = Re Ay a) ta 6h ada al 1. 


L----~ 
d(tw) | dA Sin | 0 (tw) 

ol 

L\L+ Ay—— 
| + Ay 5A | 


0 


b,,, = Re 


The considered approximate solution is ‘slightly’ stable if all 
the roots of equation (5.53) lie to the left of the imaginary axis. 

In an auto-oscillatory state, when S = 0, from the steady state 
equation = 0 and hence b,, = 0. 
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In this case the characteristic equation has a zero root. But 
from the Andronov—Vitt theorem, this zero root can be rejected, 
and the characteristic equation reduces to the form 


bo Pen~1 + b, pen—? + ‘ee + Dna + Don~1 = 0 ? (5.55) 


where the coefficients 6; have the values given above with L = 0. 

In the derivation of the characteristic equations (5.53) and (5.55) 
we used the auto-resonance hypothesis to justify replacing functions 
of the form f[A(¢) sin (w ¢ + y(t)] by their fundamental components 


270 
over the period —— , but in doing this we did not ignore small quanti- 
w 


ties in the obtained characteristic equation. 

We note now that in the case of auto-resonance 4 A(t) and Ay(é) 
are slowly changing functions and their derivatives can be considered 
as being of the second order of smallness. 

If the given system is close to a linear system in which a pair of 
roots of the characteristic equation lies on the imaginary axis and 
the others to the left of it, we can ignore the higher terms of the 
characteristic equation (5.53), since all its roots will also lie to the 
left of the imaginary axis, with the exception of a pair of complex 
roots whose real part will be determined by the lowest terms of the 
characteristic equation. This follows directly from the theorem of the 
continuous dependence of the roots of the characteristic equation on 
its coefficients and from the fact that the characteristic equation 
(5.53) continuously tends to the characteristic equation of the linear 
system when the characteristic f(x) tends to a straight line. 

Thus, in the auto-oscillatory case an estimate of the stability 
can be made from the sign only of the coefficient b,,_, and 6,, (in 
the case of forced oscillations). 

When the filter hypothesis was uscd it was not assumed that 
the system was nearly linear. Hence, in this case an estimate of the 
stability of the periodic state solely based on the sign of the coefficient 
bn, or of 6,,_, and b,, is not justified. Moreover, in this case equa- 
tion (5.53) does not solve the question of stability, since the replace- 
ment of the non-periodic function by its fundamental over a period 
cannot now be legitimately justified: A(t) and y(t) do not change 
slowly and in the oscillatory process any frequencies less than a, 
are possible. 
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Often, when investigating auto-oscillations by the filter method, 
to determine the stability of the periodic solutions we use the follow- 
ing simple criterion: a periodic solution, found from the intersection 
of the hodographs I(iw) and R(A), is stable if the point (A, + AA) 
on R(A) lies inside the hodograph I(iw) when AA <0 and outside 
when 4A <0 (Figs. 199 and 200). Because of the fact that the 
increments 4A are small, this reduces to the condition that the vector 
tangent to the hodograph R(A) at the given point A, is directed into 
the region bounded by the hodograph J(2w). This is equivalent to 


dF (A) 
eaten it — 7 
4A I, A shall 


J 
form an angle less than 3 with the normal to the curve J(im) 


the requirement that the vector tangent 


directed into the given region at the given point of intersection of 


, dl (% . 
the two hodographs, i.e. with the vector? ae =, Analytically 
60) 


this condition can be expressed by the use of the scalar product of 


the two vectors 
(NT) > 0. (5.56) 


We return now to the characteristic equation (5.55). Its free 


term is equal to 
+t rr 
GA, A(im) | dAg | 


aL 
bn =B oL+ A 
m4 laa | TA 


We note that 


OL —  o- £ (tw) 
O(iw) 2 EE K(iw) | 
_ 1 AK (iw) K (ie) o. sees) | 
K (iw) ad (ia) A (iw) \ K (iw) } 


Now taking it into account that DL = 0, we obtain: 


8b _ Kg (iw) — [(—M= Fe (Alo) K (i) |) 
8 (iw) 8 (to) KC (vo) 
= i (ia) A (POL) ey Bt 
d (iw) \K (ta) d (1) 
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and correspondingly 


SL _ Fe fiay Ao) 
d (tw) d (iw) 


Moreover, using (5.52), we find: 


Ao On Ay K (iw) GE (Ap) 
aA, dA, 


R(A) 


"A" Increasing 


A‘ Increasing 
\ (icy) | (ius) 


Stoble Unstable 
Fie. 199 Fre. 200 


Hence, finally, 


bon —1 = — Ao EK (i) K (iw) Re | AT (to) ae) _ 


d (tw) dA, 
= — Ay|K (iw)|? Be Ton eles _ 
0 


Ce ee ae eeeael 


= A, |K (iw)? B 
0 | (teo)|? Ret a aA, 


, Al (i) ale 


380 THEORY OF AUTOMATIC CONTROL 


I (tw) 


Putting 2 d dt (Ao) 


dA, 
expression in the form of a scalar product: 


=7T, we can rewrite this 


= N, 


bon 1 = Ag |K (60) )2 (NT). (5.57) 


A comparison of (5.56) and (5.57) shows that the frequently used 
conditions for stability shown in italics above corresponds to the free 
term of the characteristic equation (5.55) being positive and hence 
it is suitable only for systems satisfying the conditions of the auto- 
resonance hypothesis, and does not answer the question of the stability 
for systems in which the filter hypothesis is realized. 

In system in which a filter (and not auto-resonance) ensures that 
the periodic solutions are nearly harmonic, we cannot use the given 
simple criterion for stability. Its application in this case will often 
lead to mistaken conclusions about the stability. Criteria for the stabi- 
lity of periodic states which are based on the filter hypothesis have 
not yet been found. 


B. THE EXACT DETERMINATION OF PERIODIC STATES WILEN 
THE NON-LINEAR ELEMENT WAS A PIECEWISE-LINEALR 
CHARACTERISTIC 


8. General Introduction to Piecewise-Linear Systems 
and to Exact Methods for Determining their Periodic Solutions 


We return now to the initial system of cquations (5.1) and to 
be specific we put k = 1. 

We shall assume henceforth that the function f(x,) is mado up 
of straight line segments. Common examples of characteristics of 
this sort are shown in Fig. 201. 

In this part we shall no longer assume that the system satisfies 
the conditions of either the auto-resonance hypothesis or the filter 
hypothesis, and therefore we shall take into account all the harmonics 
given rise to by the non-linear element. 

In the system (5.1) we replace f(%,) by y and obtain an equation 
containing only a, and y, i.e. we eliminate all the other unknowns 
By, Ua, 00+, Up. 
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f{(x,) Fix,) 
X, X, 
Fx) F(x;) 
JA Le 
xy Xy 
f(x,) f(x) 
Xy XK 


Fie¢. 201 


As a result of this elimination we obtain the equation 


D(P) 2%, = K(P)y, (5.58) 


d 
where, as in the previous section, P = uy is the differentiation opera- 


tor with respect to time. 
Equation (5.58) will be called the derived equation. 
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It can be obtained, for example, by transition to a Laplace trans- 


form 
D(p) Lla] = K(p) Ly], 


where L[z,] and L[y] are Laplace transforms of the functions xz, and y 
respectively. Equation (5.58) is obtained from the last expression by 
replacing L[x, | and Z[y] by x, and y and the complex variable » by the 
differentiation operator P. But such a substitution can only be made 
if the functions x, and y are sufficiently smooth. In fact, obtaining 
(5.58) from (5.1) requires the differentiation of these functions (in 
the Laplace transforms after their multiplication by p), and if they 
are not smooth, i.e. if in the process of transition from (5.1) to (5.58) 
we have to differentiate discontinuous functions, then such a transi- 
tion (or such a substitution of » by P) requires caution. 

In this case, there is no meaning even in ‘writing the defined 
equations in the form (5.58): it is not clear without supplementary 
clarification what we are to understand by the function K(P) f(z,) 
if f(v,) has discontinuities and breaks. 

We shall agree to say that the symbol PI'(t) denotes the ordinary 
derivative of the function #(t) with respect to ¢, which exists every- 
where apart from points ¢ = t,, for which the function F(t) has dis- 
continuities; at the points for which t = 7, the derivative does not 
exist and has a meaning only if we speak of the derivative from the 
right (for t = tf, + ¢«, e—> 0, or simply for ¢ = t,-+ 0) and of a deri- 
vative from the left (for ¢ = ¢ — 0). In Fig. 202 examples of the 
functions /(¢) and their ordinary derivatives P(t) are given. 

We now introduce the Dirac 6-function, which we define in the 
following way: if A(t) is an arbitrary, sufficiently smooth function, 


-+ co 
J h(#) 6 (t) dt == h (0), (5.59) 


we can represent the function 6(¢) as the limit of the function shown 
in Fig. 203 when a — 0 and 6-—> co in such a way that their product 
ab = 1. 

We now introduce the operation of the generalized derivative of 
the function F(t), which we denote by P* F(é) and define thus: 


P* F(t) = PF (t) + S95 (t — ty), (5.600) 
q 
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F(t) PF(t) 4 
t —— 
F(t) PF /t) 
F(t) PF/t) 
Fie. 202 


where the ¢, are values of ¢ at which /(t) has discontinuities, and 
Coq is the magnitude of this discontinuity, 1. e. 


bog = F (ty + 0) — F (ty — 0). (5.61) 


The summation in (5.60) is taken over all the discontinuities. 
If the functions F(t) are continuous, then the operations P(t) 


and P* F(t) coincide, since all Co, = 0. 
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Repeatedly applying the operation P*, we obtain formulae 
defining the second and higher generalized derivatives: 


P* F(t) =PF (t) + > og6 (t — ty); 
q 


P*? F(t) = P2F (t) + S [bog 5 (f — ty) + big 9 (E — &)I, 
q 
Done ee ee (5.62) 
PP (it) =P Pt) + 
eS [Log 873 (t — ty) + S1q O°? (8 = tg) He Spa 0 (E — ba) 
q 


ft) 


_. 
+ 


Nola 
Nala 


Fra. 203 


Here Cog; fr, fogs ++ +> Sng are the discontinuities of the functions 
F(t), PF(t), P? F(t), ..., P” F(é) at the times § = f, when a disconti- 
nuity occurs for any one of these functions. The summation in formula 
(5.62) is taken over all the points f,. Tho functions 6’, 6”, .-., 67-8, 6%! 
denote the first, second and higher derivatives of the Dirac é6-function. 
Henceforth all these functions will be ignored and we shall not mect 
them again in this book. We shall not therefore explain moro procisely 
here how these derivatives are determined. 

Jf we now return to the initial system (5.1) and once again climin- 
ate all the unknown functions apart from 2,, not by ordinary dif- 
ferentiation, but by using the generalized derivative, thon as a result 
we obtain the same derived equation (5.58) excopt that now the 
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operator P will be replaced everywhere by P*: 


D(P*)7,=K(P*)y,| 
! y = f (2). 


(5.63) 


We call this equation the generalized derived equation. 
And now, despite the fact that the function is not smooth, the 
equation D(P*) x, = K(P*) f(x,) has a clear meaning. Put* 


D(P*)=a,P*"+a,P*"1+...+4,, 


(5.64) 
K(P*) =} P*+b,PP3+... 4b. 


In (5.64) we put the values of P*, P**,... taken from (5.62). We 
then equate the terms on the left and right which do not contain the 
6-function, and, for each instant ¢, separately, the terms containing 
6-functions, 6’-functions, 6”-functions, and so on. 

As a result instead of the one generalized reduced equation 


D(P*) x, = K(P*) fix, 


we obtain the equation 


D(P) m, == K ((P) # (2) (5.65) 


together with the supplementary equations for each instant 


er nem as ee ee 


Ly bo = bo No» 
Ag oy + ay Sy = by Ny + by No: (5.66) 


Oy Sn bee) Fn So = Mpa F--  On-a No» 


which we call the saltus conditions. 
Here €,, 6), --+> on-y @8 before are the discontinuities of the 
functions ,, Px,, ...,P"~* a, at the instant ¢ = t, (the index q being 


* Usually the degree m of the polynomial K(P*) is less than the degree 
n of the polynomial D(P*). But this only means that in (5.64) 6,,6,,... are 
equal to zero. 
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omitted) and 75, 1, ---; Nn-1 are similarly the discontinuities of the 
function f[x,(t)]: 


"= {xy (tg + 0)] a i [xy (i, _ 0)], 


Ny = PH [ay (ty + 0)] — Pf [a (t, — 0)) = 
_ df (2) | at df (2) 7 on 
_ 7 1 


dz, dz, 


The indices “‘--”’ and ‘“‘—”’ above denote that x(t, — 0) and 2,(¢, + 0) 
respectively have replaced 2,(é), and t, + 0 and t, — 0 have replaced t,. 

From the point of view of determining the motion of the coordinate 
x, the initial system (5.1) is equivalent either to the single generalized 
derived equation (5.63), containing a generalized derwative, or to the 
derived equation (5.65), containing an ordinary derivative, together with 
the saltus conditions (5.66) for all times t = t, at which there are dis- 
continuous in any one of the functtons 


x,(t), Pa,(t), ...; prt x(t), 
f{x(é)], Pfla,@)], ---; P" flay (t)). 


We denote by t,, t,,t3, ... the moments /,. Fort, <t <b, t& <t< fy 
and so on, the functions x, and /(%,) are smooth. 

Let the values of x,, Px,,...,P"~* x, be known for the timc 
t = ¢, + 0. Then, taking them as boundary conditions, we can Integrate 
the equation obtained from (5.65) by putting in it the equation of the 
first stage of the characteristic 


S(%) =Sy% +9; 


and determine 2, for the first interval (t, < ft < ¢,). 

From this integral are found the values of the functions 2, 
Px,,...,P"~* a, at the time t = t, — 0. It is not possible to take 
these as the boundary conditions for the following step, since for 
t=, the function x, and (or) its dorivatives have discontinuities. 
But putting these values of z,, Px, ..., P"~* x, and f(x,), Pf(a,), ---; 
P°~1 f(x,) calculated from them for the time ¢ = t, — 0 in tho saltus 
conditions (5.66) we obtain from them » linear relations, determining 
x, Px,,...,P""* x, at the time t = t, + 0. 
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Then again, taking these as boundary conditions, we can integrate 
the derived equation (5.65). Taking y from the equation of the second 
stage of the characteristic, we can determine in this way the motion 
during the second step (¢, <<#<t,) and find 2,, Px, ...,P" 2, 
for i = t, — 0. Then, repeatedly applying the saltus conditions (5.66) 
we find ” new relations for determining the boundary conditions of 
the subsequent, third, step, and so on. 

Thus, the generalized derived equation (5.63), or the derived 
equation (5.58), supplemented by the saltus conditions, completely 
determines the change in x, with time for the given boundary condi- 
tions. 

The operation of step integration which we have described above, 
supplemented, if need be, by the calculation of the discontinuities 
from the saltus conditions, is called approvision*. 

Approvision discloses a way of determining exactly the periodic 
states (without ignoring harmonics). For this it is necessary only that, 
in carrying it out over a period, the values of 2, Px, ..., Pp" Ny 
at the end of the period 7 (for ¢ = 7’ + 0 if for ¢ = 7 there is a dis- 
continuity) shall coincide with the boundary conditions (for ¢ = +0 
if there is a discontinuity for ¢ = 0). 

Three kinds of difficulty arise in the use of this method. 

In order to explain the first of these, let us consider the simplest 
example of a system having a symmetrical relay characteristic (Fig. 
204). 

We can picture a periodic. state in which the depicted point, 
as it moves along the characteristic during the period time 7’ succes- 
sively passes the points 1, 2, 3, 4, 3, 2, 1 and then repeats the cycle. 
For this the relay is switched twice during the period. But we can 
also imagine another state, where during one period the points 1, 2, 
3, 4, 3, 2, 5, 2, 3, 6, 3, 2, 1, are passed in succession, i.e. the relay 
is switched four times per period. 


* Wo could integrato the initial system (5.1) directly. Then, during 
‘‘approvision”’ it would not be necessary to use the saltus conditions, but, on 
the other hand, we would have to integrate at each step not one, but a system 
of equations. The calculations which such a method of ‘‘approvosion”’ would 
entail would not be simpler than those we have described, while the use of 
the derived equation is more convenient for control theory problems. The 
technicalities of approvision, taking the saltus conditions into account, aro 
described in Section 4 of the work: Aizerman, M. A. and Gantmakher, F. R., 
On, the Determination of Periodic States in a Non-linear Dynamic System with 
Piecewise-Linear Characteristic, Prikl. mat. 4 mekh. XX, No. 5 (1956). 
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Of course, even more complicated periodic states with a larger 
number of relay switchings during a period are also possible. Simi- 
larly with other piecewise-linear characteristics. Various types of 
periodic state are possible in the same system differing in the order 
in which the separate lines constituting the characteristic are passed 
during each period. But to carry out approvision it is necessary to 
know beforehand in what order these lines occur, i.e. in what order 
the various linear equations (5.58) describing the motions in separate 
steps alternate with one another. 

Because of this we can find all the periodic solutions by the appro- 
vision method in any system with a piecewise-linear characteristic 
only by trial and error: it is necessary to fix a definite type of periodic 
state, i.e. a definite order in which the stages of the characteristic 
occur over a period, and to determine the periodic motions of this 
type by the approvision method; then in the same way to find the 
periodic motion of another type and so successively to try all possible 
types of periodic state.* 

The second difficulty associated with the approvision method for 
determining the period states consists in the following. 

In each step (the first, say) (i.e. for 4; << ¢t <t,) the change in 
x, 1s determined by the integral of a linear equation, i.e. 


ni 
— y A,t 
j=l 


where A; are the roots of the characteristic equation for this step 
Therefore at the beginning of the step 


nm 
4 = > C; ott, (5.67) 
j= 
and at the end of this step 
n 
vy 9 — > C, ofa, (5.68) 
j=1 


* We note that the existence of periodic states of various typos is itself 
made possible by the prosenco of harmonies. Tho approximate mothods considor- 
od in the previous sections do not allow us to tako those difforonces into account. 
Therefore, for example, in the case of a non-lincar charactoritsic and tho prosonce 
of a filter tho harmonic balance method finds only tho simplost state with 


two switchings of tho relay por period. Any other types of periodic stato( pos- 


sible only for frequencies wo < =) are not discorvered by this method. 
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Exactly similar relations can be written out for all the other 
steps and added to the relations given by the saltus conditions. The 
values of x at the beginning and end of the steps and of all the C; 
enter linearly into these relationships, but the ¢,, ¢,, ... are unknown, 
and the period 7' is non-linear. Although the number of equations 
which can be formed in this way is equal to the number of unknowns, 
itis, therefore, not possible to finda generalsolution for these equations. 
It is possible only by methods of linear algebra to eliminate all the 
unknowns which enter into the equations linearly and to form a system 


Fic. 204 


of non-linear (transcendental) equations with respect to the unknowns 
T and t,,¢,, ... — the period and its parts corresponding to the sepa- 
rate stages of the characteristic. 

This system of equations is called the period equations. The 
approvision method does not enable us to form the period equation 
which answers the question of the presence or absence of periodic 
solutions of any type. It only enables us to form the period equations 
for each of the possible types of periodic solution separately. To solve 
them (they are usually a complicated system of transcendental 
equations) it is necessary to use numerical methods, graphical means, 
or elsc computing machines. 

The third difficulty in applying the approvision method arises 
because the relations (5.67), (5.68) and, hence, those in the period 
equations derived from them, involve the roots 4 of the characteristic 
equations. To form the period equations by approvision it is necessary 
to find the roots of the characteristic equations, of which there are 
as many as there are stages in the characteristic. 
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Besides the approvision method there is also another method 
for determining exactly the periodic states in piecewise-linear systems 
— they are looked for in the form of complete Fourier series, without 
neglecting the harmonics : 


a co 


ty = > a, ert, y= > B, et, (5.69) 
r=—o r= — co 


In this case w and the two infinite sequences of Fourier coeffi- 
cients a, and f, (— co <r< +o) have to be determined. 

The connexion between a, and §,; is obtained by substituting 
the series (5.69) in the generalized derived equation (5.63) and in the 
equation of the characteristic y = f(x). 

From the equation of the characteristic we obtain : 


> B, eiret —_ j 


rea — 60 


“a, erat) (5.70) 


r=—0 


It is then necessary to find the Fourier expansion of the function 
of the Fourier series on the right hand side of this equation. In the 
general case when f(x,) is not piecewise-linear, but is an arbitrary 
function, all the 6, are expressed from (5.70) non-linearly in a, and 
this method leads only to the formation of an infinite system of non- 
linear equations in the unknown a,. In the case when f(x,) is a picce- 
wise-linear function, however, we can ignore this difficulty, since the 
whole infinite sequence of unknown Fourier coefficients a, can be 
expressed linearly by » parameters. Unfortunately, in using this 
method we cannot ignore the first two difficultics connected with 
the approvision method. As in approvision we must carry out the 
solution of the problem separately for various types of poriodic state 
and the solution leads only to the formation of period cquations. 
But in contrast to the approvision method, the period equations formed 
in this way do not involve the roots of the characteristic equations, 
but are expressed directly in terms of the coefficients ao, a, ..., Gn 
and 65, by, ..., b, of the derived equations. 

Before describing this method, we make tho following preliminary 
remark. Let f(t) be a periodic function and let its Fourier series be 
known : 


fo~= > yp eet, (5.71) 


Tam -— 60 
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Then the Fourier series which is obtained by term-by-term differen- 
tiation of the series (5.71), i.e 


co 


> (tra) vy, eirot 


r=— co 


determines not the function Pf(t) but the function P* f(t) 
Thus, for example, if f(t) is a periodic sequence of rectangular 
pulses (Fig. 205), 


2 2 JI 
t) = —— >> — elrot, 
f (t) ars 


rt) 


~] 


and the series 
gireot 


JE yes—oo 


determines not Pf(t) = 0 but P* f(t), i.e. the periodic sequence of the 
d-function* (Fig. 206). 
From this it follows that the Fourier series of the function 


L(P*) fit), 


where L(P*) is a polynomial, can be found from the series for f(é) 
carrying out the operation L(P*) : 


L (P*) f( = > L (irw) y, ef, 
Yous — 0o 


* To be more precise, the d-function multiplied by 2, for the magintudo 
of the discontinuity of /(t) is equal to 1 — (—1) = 
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Bearing this remark in mind, we proceed to the determination 
of the period solutions in the form of complete Fourier series (5.69). 

In Section 9 this will be done for a very elementary case (the 
simplest state for a symmetric relay characteristic), in Section 10 first 
for the simplest periodic state with an arbitrary two-stage charac- 
teristic, and then for an arbitrary state for any characteristic con- 
sisting of segments parallel to two given straight lines. 


Fie. 206 Ira. 207 


9. The Simplest Periodic States in a System with 
a Symmetric Relay 


We consider now the system (5.1) or its equivalent generalized 
derived equation 


D(P*) 2, = K(P*) f(x,) . (3.172) 


Here f(z,) is the characteristic of the relay (Vig. 207). In particular 
eases we can put x = 0 and then the characteristic will have no loop 
(Fig. 208). The degree m of the polynomial K(P*) is less than the 
degree of the polynomial D(P*). 

We shall look for the most simple poriodic state for which the 


relay switches only at the times which are multiples of rt where 7 


is the period of the oscillations. 
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Figure 209 shows the change in «, (¢) and y (¢) with time for such 
a periodic state. In order that the periodic functions 2, (¢) and y (2) 
with a total period 7’ satisfy the equation of the characteristic y = f(z) 
in Fig. 209, they must satisfy the following three conditions : 


+ kpfor0<t<—, T<t<—T and so on | 


1°-y (t) = 4 3 
— ky for — <t< ts T<t< 27 and so on 


2° ° Hy (0) = + %, (5.73) 
8° 2, (f) > —nfor0<t<—, T<t<—T and so on 


v, (t) <n for— <t< T,—T<t< 27 and so on 


We shall look for the periodic solution in the form of Fourier series 


(5.74) 
y= > B, eft, 
r= 


— co 


+Kp 


fi 


~Kp a 


Fia. 208 Fie. 209 
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Putting these series in the derived equation (5.72) and taking the re- 
mark made at the end of the previous section concerning the Fourier 
series of L(P*) f(t) into account, we obtain 


foo] 


a, D (do) elt = > BK (ire) ett, 


r= — 


From this we find the relations between all the Fourier coefficients 


a, and 6,;: 
"  "" D (ire) r 


K (iw) 
D (tw) 
of the linear part of the system. 

We now put the series (5.74) in the equation of the characteristic 
y = f(x,). In order that it shall be satisfied, the three conditions given 
above must be satisfied. 

The periodic function shown.in Fig. 209 has the Fourier series 


where the function W (iw) = is the frequency characteristic 


oo irot 
yo thy SY (5.76) 
roo ATO 


The period solutions found have Fourier coefficients 


4k, ~ 
r —_— R U7 
P ireT (8.77) 


and. 
= Ap K (tr) . (5.78) 
" draT D (irw) 


All the unknowns a, are now expressed in terms of ono unknown, 
6 


2 
the period 7’ [we recall that @ = = . 


To find J’ we note that as yet only condition 1° of (5.73) has been 
satisfied, and it is still necessary that 


ce 4k, 2 K (t7rw) 
a, (t) = yO a. eft — PP Wo nT . elrat 5.79 
10 =. T pote trwl (ire) ( 


shall satisfy the second and third of these conditions. 
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From the second condition it follows that 


x= fhe Sy Altre) (5.80) 
T 27. irwD (iro) 


This is the required period equation. 
Let 7’ = T* be its root. Then 


1, = 4ky K (trw*) 


>- elo (5.81) 
T* ,2~. trw*D (irw*) 
ro) irw*t 
_ Ahp Se 
T* 2m, trw* 


(5.82) 


where w* = 2m . 
Vie 

These series satisfy the derived equation and the first two of the 
three conditions which it was required to fulfil so that the equation 
of the characteristic should be satisfied. To find whether the third 
of these conditions is satisfied we have to construct the function 
(5.81) over the length of one period. 

Thus, the simplest periodic states of a relay are determined by for- 
mulae (5.81) and (5.82) where T'* ts any root of the period equation 
(5.80) for which the function (5.81) satisfies condition 3°. 

Lhis last condition gives a solution, and not, as it seems at first 
glance, only a trivial result. We find examples when the period equa- 
tion has an infinite number of real roots, all of which are false, since 
they do not satisfy condition 3°, or only one or two of them satisfy 
this condition. The roots of the period equation are therefore not the 
required values of the periods, but are only ‘“‘pretenders’’, which 
include also the required periods which must be found by using 
condition 3°. 

When x = 0, to satisfy condition 3° it 1s necessary (but not 


sufficient) that 7d >. 
dt |rm, 


From (5.81) we obtain : 
de, — 4k, ~~ K (irco*) girwrt 


= : (5.88) 
dt T* a= D (irw*) 
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Putting ¢ = 0, we find the condition 


— A(tro*) _ 4 5.84 
5 Be oo. (5.84) 


‘This condition allows the preliminary ‘rejection’ of roots of the 
period equation for x = 0. Those of them for which the inequality 
(5.84) is not satisfied must be rejected at once. But all the roots of the 


Fia. 210 


period equation which satisfy the inequality (5.84) must be checked 
with respect to condition 3°, as we have described above. 

We note in conclusion that the system with tho characteristic 
shown in Fig. 210 (where the slope of the straight lines can be equal 
to any finite number A) reduces to the relay system we have considered. 
For this, in the system of equations 


D(P*) x, = K(P*) y, 
Y= f (x), 
we must put 


y=An +p (%), 


where ¢ (%,) is the relay characteristic... 
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As a result we obtain 
[D(P*) — 2 K(P*)] a, = K(P*) y ; 
Yy = Y (%). 
This is the equation of a relay system since 
D(P*) — 4 K(P*) 


can be considered as a new polynomial D(P*). 


10. The Determination of the Periodic States in System with 
a Non-Relay Piecewise-linear Characteristic* 


For the sake of simplicity we spoke in Sections 8 and 9 only of 
the determination of auto-oscillations. Now, coming to the consider- 
ation of the characteristics of more general form, we consider at the 
same time both the determination of auto-oscillations, and that of 
forced oscillations, whose frequency coincides with that of the ex- 
ternal disturbance. Instead of the system of equations (5.1), therefore, 
we shall now consider the more general system : 


re) 


Gj = Sj ey +A, fF (2) + FG = 1, 2, .--, 0), (5.85) 
ims 


where aj, and 4; are constants (of which several can be equal to zero), 
J (Xz) is a piecewise-linear function, and the J’, (¢) are given, sufficiently 
smooth, periodic functions of time with a total period 7 (in particular, 
the F; (¢) can be constants either different from or equal to zero). 

It is required to determine the periodic solutions of the equations 
(5.85). In the case when all F; (t) = const. (i.e. in the auto-oscillatory 
case), we look for all the periodic solutions of the system (5.85). If any 
one of the F; (t) # const., we have to determine only the periodic 
solutions of the equations (5.85) with period 7. 


* This section reproduces practically unchanged the work: Aizerman, 
M. A. and Gantmalkher, F. P., e@ Determination of the Periodic States in 
Systems with a Piccewise-lincar Charactcristic, Formed for y Stages Parallel 
to Two Given Straight Lines, Aviomatika i Telemekhanika Nos. 2 and 3 (1957). 


398 THEORY OF AUTOMATIC CONTROL 


The transformation of the equations 


In the system (5.85) we eliminate all the unknowns except x, 
and f(x,) = y, . As a result we obtain the generalized derived equation 


*) pe + 
D(P*) 2, = K(P*) y, + O (, (5.86) 
Y, = f(%). 
The function @ (¢) is obtained from F; (¢) during the elimination 
of %, %3, .-., %_ by differentiation, multiplication by constants and 


summation: Therefore ® (¢t) has the same period 7’; @ (¢) = const 
if all F; (¢) #4 const. and, generally speaking @ (¢) + const. if any one 
of the £; (t) = const. 

We restrict ourselves for the present to a consideration of the 
characteristic f(x,) formed by two given straight lines. Then the co- 
ordinate z, is continuous (since m < 7” and y, can have discontinuities, 
since the transition from one straight line of the characteristic to the 
other can occur not only at the point of intersection of the lines but 
also for any given values of x, by an instantaneous jump (Fig. 211). 

In the special case when both generators of the characteristic 
are straight lines parallel to the z-axis, we obtain a relay charac- 
teristic. We shall look for the simplest periodic solution, for which 
the transition from one straight line to the other occurs at the be- 
ginning of the period (¢ = ¢,) at its end (¢ = #,), and only once during 
it (¢ = t,). In other words, when the origin of the period is properly 
chosen, during one period the depicted point traverses a segment first 
of one and then of the other line of the characteristic. 

We denote by o, and o, the given values of x, for which the point 
crosses over from the first to the second straight line, and from the 
second to the first respectively*. 

Here, we assume in addition that the point crosses from one 
line to the other at the moment when in its motion along cither of the 
straight lines, the coordinate, x, first attains the value o, or oa, re- 
spectively **. 


* In the special case when o, = 0, = CO, i. e. when the points of inter- 
section, of the straight lines coincide, the function y, is continuous. 

** In future, as was done in the theory of relay systems (Section 9), this 
supplementary fact is taken into account only at the very end. The periodic 
solutions are looked for independently of this condition, and then it is checked 
that the periodic states which are found satisfy it. 
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If ® (¢) = const (in particular, if ®(¢) = 0) then the origin 
of the period ¢, can be chosen arbitrarily. In future we shall take, = 0, 
and the problem reduces to the determination of the times ¢, and t, 
at which the depicted point is respectively on the first and second 
branches. 


f(x) f (x) f(x) 
TT ! 
6 | 
Gy x; x Cy Go=G x 
a) D) ) 
f(x) F (x,) 
G1 
Xx; 
é) 
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In the case when @ (é) * const., the origin of time is determined 
by the given function ® (¢) and cannot be selected arbitrarily. The 
problem reduces again to the determination of two quantities, for 
example ¢, and ¢, in so far as t, is determined from the realtion 7’ = 
= t, — ty. 

We return to equation (5.86) and make the substitution of the 
variables 


Cy = an + B Y + x, 
(ad — By) & 0. (5.87) 
Yy=yutdy+A, 
Then instead of (5.86) we have 


L(P*)2= M(P*)y + ¥ (tt), y = F(a), (5.88) 
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where* 
L(P*) = aD (P*) — yK (P*) = ay P*" + a p34... ay, 
M(P*) = 6K (P*) — BD(P*) = by p*™ +b, p®™-1+...40m, 
W(t) = G(t) + K (0)A—D(0)x. 


The function W () is periodic** of period 7’. We denote its Fourier 
coefficients by ¢,, 1.e. 
Y(t) = > e, efrot, 


r= — © 


The function y = F(z) is given explicitly by the relation 
ye + by + A= f (ax + py + x). 


The equations (5.87) determine the linear transformation trans- 
forming the points of the 2, , y,-plane into points of the x, y-plane, 
and vice versa. If the characteristie consists of two or more sections 
of straight lines, parallelism is preserved. We select the coefficients 
a, 8, y, 6, x and A of this transformation so that the first straight line 
of the characteristic is transformed in the x, y-plane into the x-axis, 
and the second straight line into the y-axes. 

To do this we must put (Fig. 212)* 


y =kya, 5 = Ip B, 
eae ng et ty 


The values of a, 8, y and 6 can be selected arbitrarily, provided 
only that the first two relations in (5.89) are satisfied. 
As a result, the equation 


D(P*) x, = K(P*) y, + @ (ft) 


is transformed into 


L(P*)\2= M(P*)y+ y(t), 


* In contrast to the previous section, here the letters a and 6 are used to 
denote the coefficients of the polynomials Z and M and not of D and K. 
** Tf Ot) = 0 then V(t) = const = K(0) A— D0) x. 
* These formulae are formed for the case when neither of tho straight 
lines is parallel to the y-axis and when they are not parallel to one another 
(k, # k,). In the contrary case the formulac must bo modified. 
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and the characteristic formed from the two non-parallel straight lines 
transforms into a characteristic formed of segments of the coordinate 
axes. 


Fig. 212 


Earlier, in the (%,, y,)-plane, the crossing from the first straight 
line to the second was made from the point P, to the point P; . Now, 
in the x, y-plane, the points @, and @} correspond to these points 
(Fig. 213). 


Ira. 213 


Similarly, the crossing from the second straight line to the first 
takes place in the (xz, y)-planc from the point Q, to the point Q3. The 
coordinates of these points are shown in Fig. 213. 

If in the (x, y,)-plane the ‘‘saltuses’’ of a discontinuous state occur 
along a straight line parallel to the y,-axis, then in the x, y-planc 
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saltuses occur along the parallel, but sloping, straight line with a slope 
tan 9 = 2“. 


All this is true only in the case when k, — k, # 0, i.e. when the 
straight lines forming the characteristic are not parallel to one an- 
other. We shall not consider here the case when the straight lines are 
parallel (relay characteristics, or those which reduce to them), since 
the methods for determining the periodic solutions in relay systems 
were considered in Section 9. 


Fie. 214 


The formation of the period equation and the determination 
of the periodic state 


The change in the coordinates x and y with time for the simplest 
periodic state (this term was explained above) for t) <¢ < #, occurs 
as in Fig. 214. 

We will look for this periodic solution in the form of Fourier 
series 

+ co 
C= > a, efrut | 


Tau — 2 


“+ 09 
y = > p, erat 


JTm~— co 
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Putting these series in the equation of the system (5.88), we obtain : 
L (irw) a, = M (irw) B, + «,. 


We denote by yu; the Fourier coefficients of the periodic function 
M (P*) y, ie. ux = M(irw) B,. Then 


x x 
og, = bee = a a . (5.90) 
EL (irw) M (irw) 


Instead of M(P*) y we now consider the function M(P)y, where 
P is the ordinary and not the generalized derivative. For periodic 
states when y is a function with period 7’, M(P)y is also a periodic 
function with the same period. We denote its Fourier coefficients by u;. 

There exists the following relation between the Fourier coeffi- 
cients uw; and yu, in the general case when at the ends of the period 
there are any number of discontinuities in the function y and its deri- 
vatives up to the (n — 1)th order : 


l ap TD . _ n—l 
Me = My + va evi’ > eM, (irw) + e-Wreots N Ty, My, (rw) + .. | 
k=0 ke=0 
(5.91) 


Here Nhs Tk and so on are the magnitudes of the discontinuities 
of the kth derivative of the function y(t) at the times ¢,, f&, ..., 


my, (S) = by pa + Op—png SH eee Oy SPH 


and the number of sums in the square brackets is equal to the number 
of points of discontinuity at the ends of the period. In the case we are 
considering the number of such points is equal to two (for the times 
¢, and ¢,) and the terms denoted by dots in the square brackets are 
absent. 

To derive this relationship, we consider the periodic function 
A(i)= > o(¢+ rT) (Fig. 215). Its Fourier expansion is 


fen — co 


1 ne ra 
A (t) 7 > e! t. 


Ta — 6 
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Supposing that y is a periodic function and that Nk: Ne ... are 


the magnitudes of the discontinuities of its Ath derivative (k = 0, 
1,..., m — 1) at the ends of the period, we can write the equations 


Y=Y; 
P¥y = Py + S14 (t— ty), 
qd 


Pe y = Ply + S [NA (t—t,) +A (t—1)], 
q 

Pty = Py t S[M A" (t—t) +m (t—t) + 7,4 (t — tp) 
q 


and so on, up to P*"~ly, 


Aft) 
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Multiplying the left and right-hand sides of the first equation 
by 6,, of the second equation by 6,1, of the third by 0,2 , and so on, 
and adding all the equations, we obtain : 


M (P*)y = M (P)y+ SA (t—ty) baa + bnath + +++) + 
q 


+ SA (Ete) Onan Mo + Onna th Fee) tees 
q 
But 


M (P*)y= > us * girat M (P) =—y N Uy erat 


r=a— © 


oo 
7 « tra™ 
> (27m) e€ 


= 09 


| + 


1 (ore) 
A (t — efrot A’ { — 
T 2° (4) 


and so on. 
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Putting the series in this identity and equating the terms in e”” 
(for equal r) we find: 


1 rent, Tere 
ut = uw, + — [e irats Shy, my, (trea) + 
T i=0 
-irwte n= 2 ¥ 
+e > 1kM, (tro) +... . 
k=0 


Thus equation (5.91) is proved. Then, in order to find u* , we 
must find u,. 

The value of u,, the Fourier coefficient of the function M(P)y 
is computed from the usual formulae for calculating the Fourier 
coefficients of the expansion of a periodic function in series : 


ty 
1 . 
= —( M(P)ye-t dt = 
fr ~| (P)y 


fo (5.92) 
f 


t, 3 
al M (P) ye-itt dt 4- | M (P) yeriret a. 
to 


fy 


To calculate the integrals in this expression, we put the value 
of Y (t) in formula (5.88) and, considering only the sections which 
do not include points of discontinuity, and replacing P* by P, we ob- 
tain : 


L(P)x=M(P)y+@(t) +AK (0) —xD (0). (5.93) 


In the periodic solution we are considering (see Fig. 214), for 
iyo <t<t, y=O0 and for ¥ <ct<t,, x= 0. 
Reference to Fig. 214 indicates that when y = 0 
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The equations (5.95) and (5.97) will be used later. For the present 
we note that from (5.94) it follows that 


( M(P) ye-*t dt = 0. 
to 


To apply (5.96) we make use of the equation (5.95), which, on 
using (5.96) reduces to the equation 


M(P)y=—@(t)—AK(0)+x*xD(0) <t<h). 


be 


fe (t,t2} Yo 


faltyte)Y; 


Fig. 216 


Therefore the formula (5.92) takes the following form : 


te 
b= { [0 + 4K 0) — xD (ON ea, 
ty 


and the coefficients 4, can be calculated easily from the given function 
@ (t). 
Taking (5.90) and (5.91) into account, we obtain: 


Hr re yt 


0, = a xX 
" Llire) TL (irw) 
rete tend . rote ont ) 
x jes 2S 4g My, (t7@) + EHR Sm, (trw)|, (5.98) 
k=0 kmg 
1 
bp= —hr - 


“U (ira) * TM (ire) 


n~l n—l 

-Irwt vi ~irwt 2 . 

x [ — Ay My, (tra) -f e772 NS 1m, (ira) 
Eo) Kas] 
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Putting these expressions for a, and f, in the Fourier series for 
x and y and collecting terms with the same 7, we find 


n—-l 


%= SR, (t—t)mt RB (t—t)mJ +R), — (5.99) 
k=0 
n-l 
y = > (8x (E— ty) Me + Sp (t — te) Hy] + S(O). (5.100) 
k=0 
Here f;, S;, R and S are convergent Fourier series : 
R, a le) eg — LS me ir) rut 
T ,7=. L(irw) , to" T 2, M (iro) 
5.101 
_ ~ Pr br iret _ ~ el a giret | \ 
am. L (iro) =. M (ire) 


Now we return to the conditions (5.95) and (5.97) and require 
that the functions ~ and y determined by equations (5.99), (5.100) 
shall satisfy these conditions. This leads to the following equation : 

n—l 
> [Ry (te — ty —- 0) ye + By ( — 0) %] + 
k=O 

+ R (to a 0) = 0, 
n—l 
> [Be (te — 4 — 0) Me 4- Ry ( — 0) mJ + 
k=0 

+ R’ (l, — 0) = 0, 


n—l 1 
2 [Liye (t, — ty — 0) Hy, + 
Kz. 


+ RY — 0), | + ROVE, — 0) = 0, 
n—l 

_ [S, (— 0) Wk + S, (t, _— to — 0) 7, + 
k=0 

n—l , 

—_ [Sx (— 0) oP + Si. (t, — te — 0) %,] + 
k=0 


(5.102) 


"S (n-1 1 
Ps [Si"-) (— 0) i, + 
¢e. 


_ Sm-1) (t,; — ly — QO) Nid T 
-- S@-) (4; —0) = 0. 
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27 ; 
We recall that a= > when @ (t) = const. since ¢, = 0, 
2 
and in the case of forced oscillations w is given. Therefore in either case 
the equations (5.102) contain only the unknown times ¢, and é, apart 
from the unknowns 7 which enter linearly in them. 
If the quantities ¢, and ¢, are arbitrarily given, and we put them 


in the system of equations we have just obtained, then we find* from 
it all the values of the discontinuities Mk and Nk - Putting these nk 


and Nt in the series (5.99) and (5.100) we find x(¢) and y(t). These 2(t) 
and y(t) will satisfy the equation 


L(P*) « = M(P*) y + ¥ (2). 


During the time t, <t < t,, the motion will be along the z-axis (le. 
y= 0) and during the time ¢, <t <#, it will be along the y-axis 
(i.e. 2 = 0), but it cannot be ensured that the crossing from the z-axis 
to the y-axis is from the point Q, to the point Qj , or that the crossing 
from the y-axis to the x-axis is from the point Q, to the point Q, . 
To ensure this ‘descent condition’’** it is sufficient that the following 
two conditions are satisfied (see Fig. 213) : 


yt4,+0=y,, yt; -N=y, 


where 
+, — aa oo — fist. 
to — HK Vo a 
Y= a Y= 1. (5.103) 


These conditions fix the position of the points Qi and Q,, and 
therefore also the points Q, and Q, , since the directions of the jumps 
from @Q, to Qi and from Q, to Q5 are given by the chosen linear trans- 
formation (5.87). 


* Tt is assumod that for these ¢, and /, the determinant of the system is 
not zero. For the case when this determinant is equal to zero (deo p. 426). 
** In, the thoory of rolay systems (Section 9) the condition 2°) (seo p. 

393) corresponds to these conditions. 
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Because of the fact that 7, = y(é, + 0) — y(é, — 0) and No = 
= y(t, + 0) — y (t, — 0) while y(t, — 0) = y(@, + 0) = O (the mo- 
tion is along the z-axis) the condition (5.103) can be rewritten as : 


1 2 
N= Yr =o = — Yeo: (5.104) 


Assuming for the time being that the determinant of the system 
(5.102) A (é, , #,) # O * we solve it with respect to No and No . Let this 


give No =f, (4, 4), 1 = f, (t,, t,). Then the conditions 


fi (ty te) = % >» fo (ty, %) = —Ye (5.105) 


can be used to determine #, and t,. 

For example, in the ¢,, é,-plane we can construct the curves 
(5.105) by the usual method, and find their points of intersection 
(fig. 216). Thus values of ¢, and #, corresponding to these points are 
‘pretenders to the periodic solutions’. They in fact determine the 
periodic solutions if the following conditions are satisfied :** 

(a) The inequality 0<#,<#, (for auto-oscillations) or # — 
~T <t, <t, (for forced oscillations) is satisfied. 

(b) There is no ‘‘switching’”’ during a period when 7 is different, 
from #¢, and £,. 

To verify that condition (a) is satisfied it is convenient to con- 
struct in the (¢,, t,)-plane the angle between the ¢,-axis and the bisector 
in the first quadrant (Fig. 217) in the auto-oscillatory casc, and the 
strip between the bisector and the straight line #4, — ¢, = 7’ in the case 
of forced oscillations (Fig. 218). The points of intersection of these 
curves lying in the unshaded region (Fig. 217 in the auto-oscillatory 
case and Fig. 218 in the case of forced oscillations) must be rejccted. 
In order to verify that condition (b) is satisfied by the remaining 
points of intersection it is necessary, with the obtained f, and &, , 
to find all the 7 from the system (5.102), to put them in (5.99) and 


* Seo the previous footnote but one. 
** In the thoory of relay systems (Section 9) condition 3° (soo p. 393) 
corresponds to these conditions. 
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(5.100) and to construct the obtained periodic solution at the ends 
of the period. 


hy — h, 
1 Ek 
Let 2, = 2 "1 be the abscissa of the point @, and 
_ hah 
Y= aa the ordinate of the point @, (sec Fig. 213). 
by 
S”* 40 
by 
Fre. 217 


If in the constructed solution the value of 2, is attained for any 
t different from #,, or the value of y, is attained for any # different from 
i, , then this periodic solution does not satisfy condition (b) and must 
be rejected. 

All the pairs of numbers ?,, é satisfying the period equation 
(5.105) and the conditions (a) and (b), determine periodic solutions 
which can be constructed according to the given formulac. In doing 
this we can sometimes omit some periodic solutions, since we have 
temporarily assumed that A (t, , t,) = 0. 

When 4(é,, #) =0 the system (5.102), genorally speaking, 
is a contradiction, and there are no periodic solutions. But in ex- 
ceptional cases, for a particular choice of the free terms, the system 
(5.102) may be indeterminate and its solutions may contain some for 


which No = Y, , No = —y,. These cases aro isolated by the usual 
investigation of the system of algebraic equations (5.102). 
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The calculation of the coefficients of the equations (5.102) 


From what has been said it follows that the determination of 
the periodic solutions of equation (5.86) reduces to the repeated. 
solution of the system of linear algebraic equations (5.102). The values 
of the functions A(t), S(f), R, (#) and S;, (¢) and their derivatives up to 
and including the (n — 1)th order at the fixed moment of time are 
the coefficients of these equations. The values of the functions R, VS, 
R,, Sy themselves can be determined from their Fourier expansion 
(5.101), since these series converge. But difficulties arise indetermining 
the values of their derivatives. If we attempt to find them by the 
term-by-term differentiation of the series (5.101) then we must bear 
in mind that the convergence of the series obtained after the rth 
differentiation becomes rapidly worse as r increases, and from some 
r <n — | these series can turn out to be divergent. 

In order to avoid these difficulties, we can make use of the method 
for improving the convergence of series which was devised by A. N. 
Krylov. We explain the use of this method with the example of the 
function 
i ~\ My (tra) 
T ,2~,, L (tro) 


R, — eirwt 
t 


? 


where 
my (S) = Byepnt + Pp png 8 + +++ + gS". 
Let ? be an arbitrary whole positive number. We now divide 
the polynomial S“*' m,(S) by L(S). We denote the quotient by 


Yo si* V1 SP et y;-1 and the remainder by c, gr} + 
+o, S97 +... + egy. Then 


Skt, (S) = (v% Si-2 V1 Sle Se Vi) L (S) + 
-l- Cy gn-l + Cy §-2 Se ae Cr-1) 


which. gives 


m,(8) Yo V1 Viner 
Zig ger Tyee To Oger 4 


5.106 
Oy S88 boy SPT* Hees Cpe | 


oe le 


Seeeyn (8) 
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Using the identify (5.106), we replace the Fourier series for R,, 
by a sum of Fourier series* 


6b, K— 
By = 0 Ansa t+ M1 Antal) +--+ 
On (5.107) 
eee bet Aya (t) + BE (f), 


where 
H,(t)=— S$” etre (5.108) 
LT 2 (trw) 
G=k+1b+2,...,b+1), 
oo } n=l rq) \n—2 ; 
Re (t) — LS Lo lO) eg (COT Fos en girot (5,109) 
T t=. (irm)*"" ZL (ira) 


and 2’ denotes the sum in which the term for r = 0 is omitted. 

In contrast to the series for R, (t), the series for Ry (t), when 
l1>n—k—1 possesses the property that all the series obtained 
from it by term-by-term differentiation, up to and including the 
(n — 1)th order, converge. Here the larger lis, the better will the con- 
vergence of the obtained serics be. 

We can therefore select the number / to be so large that the values 
of Ry (¢) and all its derivatives up to the (n-1) th inclusively can be 
calculated from the first few harmionics. 

We now consider the function. H (t). We note that 


— 1 . — \ 1 Ir 
H, (t) = Sip (at), where h, (2) = =. tint ez . 


Differentiating h, (2) term-by-term, we obtain : 


hj (2) = » 


pamo (ar 


Ta el? — hy_y (2), (5.110) 


1, €. 
h, (2) = 5 hy_y (2) dz-+ C. (5.111) 
* The identity (5.106) for S = ira applica to any r oxcopt r == 0. Thore- 


tore in the oxpression for &, tho constart torm of the sorios (corresponding 
jo r = Q) is taken soparately. 
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In this recurrence formula the constant of integration is deter- 
mined from the conditions 


(a) when j is even | h;(z)dze=0; 
0 


(bo) when 7 > 1 and odd, A; (0) = 0. 

The first condition follows from the fact that h; (for even j) is 
an even function, whose Fourier expansion has no free term; the 
second condition is a consequence of the fact that h; is a continuous 
odd function when j is odd and larger than one. 

We note that 


o 1s, © sin nz 
hy (2) = “! — er? = 2> 
r_-—e© (27) n=1 Te 


is a periodic function of period 2 x which, for 0 <z< 22, is given 
by the formula 
h, (z) = T — Zz (O <z2< 2 qt). (5.112) 


Putting this value of A, (z) in (5.111) we obtain : 
h, (2) = | (m2) dz + CO =a — —+ C. 


We find the quantity C from the condition 


ee 4 
T 


2 


2 98 
hy (2) dz = |x — — — Cz =(Q, 
J@aem [2-2 4 I; 
0 
1.¢. 
2 2 2 
O=n—-— and hy (2) = 1g —-—-— =, 
3 2 3 


Then, putting this h, (z) in (5.111), we find A, (z), and so on. 
We derive standard formulae for h from h, to h,;: 


h,=—2+4, 
2 2 
us 
3 
h 2 Lt So TO 2 
35 7 ’ 
6 2 3 
zt mz 7p 78 
oe 24+ ty, 
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On the strength of (5.110) we have 


Using (5.113) and (5 


aa 4 met wt? 2° 4 2 
120° 24 #4418 | 45 
26 me e724 qe 2 2718 
720 120 «72. «90 945 
ae 728 502 25 704 28 278 2 
5040 | 720 360° 270 945 ” 
2 wz" 70? 26 m4 2! m8 22 2328 
~ 40320 5040 2160 | 1080 945 | 37800 
29 reo8 m2 zi m4 25 
362880 | 40320 15120 | 5400 
78 28 23708 = 
2885837800” 
zl0 m9 mc” 28 me! 3" 
3628800 | 362880 120960 | 32400 
7° 24 2378 22 98137019 
11340 | 75600 19958400 ’ 
all 02,19 a2 ety ar! ails 
39916800 | 3622800 1088640 226800 
m8 25 2379 28 5813710 2 
56700 | 226800 19958400 * 
Ss 
“ne = hy, (2). (5.113) 


.107) we obtain : 


By (0) = PE fd PH gy (i) ae 7 Ing (Wl) “F 
” db CH) (1) 
dea ys (0) + Pe*(1). (B.A) 
ae) = = J Aint y—s (@l) + i L Nigpyns (Ot) 4- 
_ $a Picts (1) ] 4. oF) | 
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where hg = 0 if g <0 and RX (t) and its derivatives are determined 
from (5.109). 

Thus, the calculation of the values of R, or R& reduces to the 
summation of the values of the first few harmonics of the rapidly 
ds R(t) 

dis 


converging series for R; (olor | in an exactly similar way 


we can form formulae for the values of S and S; and their derivatives*. 


Fig. 219 


Generalized problems 


We can now generalize the class of problems, solved by this 
method, in three dircctions. 

1. We can consider characteristics formed of more than two 
scements of the same two straight lines, i.e. we can determine not 
only the simplest, but also more complicated states in systems with 
a two-stage broken line characteristic. Examples of this sort are 
shown in Fig. 219, where during cach period the numbered points 
occur in numcrical order. 

2. We can consider continuous or discontinuous characteristics, 
formed from any number of segments of various straight lines, i.e. 
provided the slopes of the lines are equal to one of the two given 
numbers k’ and k”. Examples of such characteristics are given in 
Tig. 220. 


* Wo noto for this that for tho function S, the coofficient »y, = 1 and 
VY, 73... = VYn-k-1 = QO 
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3. We can consider more general ways of crossing from one stage 
of the characteristic to the other. Thus, when there is clearance or dry 
friction in an inertialess element for example (Fig. 221), the co- 
ordinate y, either changes with x, (y, = x, + const) if the clearance 
is “‘selected’’, or does not change (y, = const), if the clearance is 
‘‘self-selected’’. The characteristic consists of segments of straight 


Kia. 220 


lines of slope 1 or 0; the crossing from the first line to the second 
occurs at the time when 2, first becomes zero, whatever wv, ° a, 
is at this time, and the second crossing on the sloping line occurs at 
the time when 2, first differs from %, by a given amount. 

We can show other examples of probloms for which the charac- 
teristic consists of straight lines parallel to two given lines where the 
the conditions of crossing from one segment to another are deter- 
mined not by the equations x, = o,, but by other (not necessarily 
linear) relations between a, and its dorivatives at various times. 

Bearing in mind this class of problems with all these typos, we 
return to the derived equation 


D(P*) m, = K(P*) y, + & (2), (8.115) 
Y= F(x), 
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obtained by eliminating all the x; except x, from the system (5.85). 
We shall now assume that the period 7' can be divided into J stages, 
occurring at times ft, — tt, ,t, —t,,..-.,tn—tn_, (here ty —t, = T), 
and that during each step the point 2,, y, moves along a straight line 
having one of two given directions, characterised by the slopes k’ 
and k”. 

We shall assume that for each ith step (2 = 1, 2,..., N) we are 
given: 


Frq. 221 


(a) the equation of the straight line along which the point 2, , y, 
moves during this step, in the form 


Y= he 9 2-1 + Y; Yii-1 0; (5.116) 


where k; is one of the numbers k, and k”, and 7; , y; and 0; are given 
numbers, and 2;_,, Y,i-1 is the point at which the previous 
(¢ — 1)th, step onded, 1.e. 


Hp jp—) == %(t;-, — 9), Yui = Yr (Li-1 — 9) | 


(b) the end conditions of the step (the ‘‘descent conditions’’) 
in the form of a lincar relation between x, (¢) and its derivatives at the 
times #; and ¢;_, : 


ni n 
> C, aU") (0,) + a” aJ-) (t,_1)+o=0. (5.117) 
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At time t;, when relation (5.117) is first satisfied, the ith step is con- 
cluded. 

Due to the fact that the degree of K(P*) in (5.115) is less than 
that of D(P*), the function x, is continuous and there is no need to 
write out conditions for the beginning of each step — they are deter- 
mined from the “descent’’ conditions by the continuity of 2, . 

We illustrate what we have said by the following examples 


Exame.e 1. The characteristic f(z,) is a three-stage {broken lino with 
parallel outer stages (see Fig. 220b). We look for the continuous simplest pe- 
riodic state. 


In this case N = 4, for all stops ; = yp, == VU, for tho middlo stago hk = kh’, 
6 = 0; for the outer stages & = k’ and 0 is equal to (7 ---- 4%) a, for tho right- 
hand stage and to (4’ — k’’) o, for tho left-hand stago. The equations #, 7+ 0, 
and ©, = o, are respectively the end conditions of the stop. 

EXAMPLE 2. The samo charactoristie with a loop (Fig. 222). Jf at timo 
t = ¢, the points is at a, and then moves along the line I (in particular, away 
from a) until such timo as tho point 0 is reached first, then along the line II 
until tho point ¢ is reached for the first time, ayd so on then in this case also 
N = 4, and the data for oach stop is written out in Table XVII. 

EXAMPLE 3. This system differs from a linear system by the prosence of 
an inertialess clement in which clearance oxists or dry (coulomb) friction acts. 

For this oxamplo the valucs of k, 9, y, 0 and € aro given in Table XVITL 
cor all steps. 


We now perform the same substitution in equation (5.115) as 
we made in (5.87) with the coofficients determined by equation 
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(5.89). The values of h, and h, entering in (5.89) are taken as any two 
arbitrary stages of the characteristic, having respectively the slopes 
k’ and k”. As a result of the transformation the first of these straight 
lines is transformed in the x, y-plane into the x-axis, and the second 
into the y-axis. With a linear transformation the parallelism of the 
straight lines is preserved. Therefore all the straight lines with slope 
k’ transform into lines parallel to the x-axis in the x y-plane, and all 
the lines with slope k’’ into lines parallel* to the y-axis. 


TABLE XVII 


Stage of 


motion of Equation of line Descen $ 
, condition 
point 
From a to b | y, =k’ a, + (hi —k’oa,), v= 0; 
i.e. ky =k’, 9p, = y, = 0, 
6, =h,—k’a,, 
From 6 to ¢ Y, = hau, + (h, — kh’ 9;,), L = 0» 
1.¢ k, =k’’, P. = yp. = 0, 
0. — hy— k O1; 
From c to d Y, =k’ a, + [h, + (kh — kb’) op — k’’ 04], = 03 


1.@. k, =k’, Ps = Y3 = (), 
05 = hy ++ (k’” — k’) 0, —h’’ oy, 


From d to a| y= kh’ am, -- [(k’— kb”) a, + hy — bh” ob (k— 0), ey = 
i.e. ky =k’, oy = y= 9; 
0, == (k’ — k’’) o, +h, — kh’ o, + (bk — k’) o, 


The equation (5.115) becomes 
L(P*) «2 = M(P*)y + ¥ (6), (5.118) 


where V (#) is a Fourier series which differs from the series ® (¢) only 
in the constant term. 


* Tho nood for onsuring this also forces us to restrict ourselves to charac- 
toristics consisting of stages parallel to two given straight lines. If the charac- 
toristie contained stagos with moro than two different slopes, thon tho 
transformed characteristic would also contain links not parallel to the 2- 
and y-axes, and all the subsoquent roasoning (in particular, tho calculation of 
£4) could no longer be made by this mothod. 
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Taste XVIII 
No. of . 
stage ke P y 6 Descent condition 
i 1 | 0 | 0 | —o ie(t,) = 0 
un Oo; oO; LI] 0 i(¢) —2(t,) =—20 
Tit 1 0 0 a w(tz) = 0 
Iv 0 0 1 0 2(t,) — 2(t,) == 20 


The descent conditions (5.117), as a result of this transformation, 
become 
n ; 

SL; Laxl-) (t) + ByO-® (6:)] + 


j= 


+ yx, [avd-) (¢,_4) + ByW-) (t,_,)] +o +x (Cl, +2) = 0 (5.119) 
j=l 


The motion of the point in the x, y-plane during the periodic 
state can be pictured in the following way (example in Fig. 223). 
At time ¢, the point is on the straight line I (on the z-axis) and moves 
along it until at time t, it reaches point 2, where the first of the con- 
ditions (5.119) is first satisfied. If the line IT passes through this point 2, 
then the motion will continue along it; if it does not pass through it, 
then the point jumps instantaneously to the straight line IL via a line 


with slope tan g = Bo Then the point moves along the line IT until 
a 


time ¢t, when it reaches the point 4, where the second of the conditions 
(5.119) is first satisfied, and so on. Duc to the fact that the motion 
in the x,, y-plane occurs only along a straight lino parallel to one of 
the axes, in each interval cither x or y is constant. Figure 224 gives 
an example of the change in « and y corresponding to the character- 
istic and sequence of switching shown in Fig. 223. 

If we keep the old notation of s, for the Fourier coofficionts of the 
series y (t) and if, as before, we look for periodic solutions in the form 
of Fourier series with Fourier coefficients a, and f,, , then the relations 
(5.90) connecting a, and £, with the Fourior coofficients y* of the 
function M(P*) y remain absolutely in force. 
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We retain the notation yu, for the Fourier coefficients of the 
periodic function M(P)y. The formula (5.91) connecting uF and 
uy can be used in this more general case also, but we must retain 
not two, but NV terms of this formula — each term relates respectively 
to one of the times {, , t,, -.., ty. Therefore now formula (5.91) 
contains Vn unknowns 3;, the discontinuities of the fanetion y and 
its derivatives up to the (n — 1)th at the times ¢,, f,, .. _ All 
these unknown discontinuities enter linearly in (5.91), but the un- 
knowns ¢,, t, .-., ¢y enter non-linearly. 


Fig. 223 


The calculation of the values of u, is carried out in general terms 
just as in the simplest case considered above, since in the expression 


ty 
u, = — | M (P) yet at (5.120) 
to 


the integral can be expressed in terms of t,, #,,..-., ty if we divide 
it into the V neg 


_ mF P) ye7 tre dé + 
(5.121) 


4 fi (P) yen rot dt +. f M (P) yorretat 
th ty—t 


and if we make use of the fact that between the limits of integration 
of each integral either x or y is constant. 
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Indeed, if in the interval ¢#;_, << t < t; we keep y = const; , then 
this condition can be replaced by the conditions 


M (P)y = b, const,, (5.122) 
y(t; — 0) =const;, y’ (t; —0)=y" (& —0) =... 


Le = yD (t, — 0) = 0. (5.123) 


Fia. 224 


Using (5.122) we calculate the corresponding integral in (5.121) : 
ty t 
i M (P) ye-""*! dé = b, const, e~ trot dé = 
ta ty_1 
_ 5, const; [en iret; _ g-iret;_1) | 
iT@ 


If in the interval t;_,<t<t; « = const,;; then for this interval 


L(P)«x =a, const, (5.124) 
x (t; —_ 0) = const, af (é, — 0) = 7" (t; _— ()) ==... 


5.125 
... = 2) (tf, — 0) = 0. ( 
In the intervals not containing points of discontinuity, in formula 
(5.118) we can replace P* by P. Then from (5.124) and (5.118) it 
follows that 
M (P)y = a, const, — ¥ (é) 
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and the corresponding integral in (5.121) is 


a, const; 


‘i 
| M (P) ye-?" dt = — 
UPD 
thay . 
— fy (t) ert dt 
ty) 


which is easily calculated, since the function VY (¢) is given. 

In this way all the integrals in (5.121) are calculated, giving the 
value of u,, but the Nn initial conditions of the form (5.123) or (5.125) 
remain unused. 

Putting the resulting value of yu, in (5.91) we find y;, and putting 
this in (5.90) we express all the a,and f,in terms of the linearly entering 
unknowns z/ and in terms of the N non-linearly entering unknowns 
t,t, .--, tn. 

Now requiring that the Fourier series for x(f) and y(¢) obtained 
in this way shall satisfy all Nn conditions of the form (5.123) or (5.125), 
we obtain a non-homogeneous system of linear algebraic equations 
with respect to the unknowns ui. The coefficients in these linear 
algebraic equations depend on the required unknowns ¢, , f.,..., tn - 
Taking, for the time being, the determinant of this system as different 
from zero, and solving it, we find all the z/ as functions of ¢,, t,, 

., ty: 
¢=0, 1,....»—l1, 


1g y (5.126) 


gl =fi (typ to sty) [ 


Putting these a in the expressions for a, and 8, we find immedi- 
ately : 
4 (t, ti, to, ee ey tn) and Yy (t, 1, ee eg tn). (5.127) 


We have still not used the ‘‘descent conditions’’ (5.119). Putting 
(5.127) in (5.119), we obtain a system of V transcendental equations 
in the required V unknowns ¢, , t,,..., tn i. e. the period equations. 

The required periodic states are found from the solutions of the 
period equations which satisfy the following conditions : 

(a) The inequality 


ty<t,<t,<...<ty. 
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with ¢, = 0 for auto-oscillations, and f, = T — ty for forced oscilla- 
tions, must be satisfied. 

(b) There is no “switching” during a period, ic. at a time 
which is different from ¢,, i,, ..., tn- 

All that we said above about the necessity for checking that a 
zero value of the determinant of the system of algebraic equations 
does not introduce additional solutions, and everything involved 
in improving the convergence of the Fourier series, can be extended 
completely to this more general problem. 

We note in conclusion that the number of time unknowns and 
the corresponding number of period equations which must be formed 
is halved if the state is symmetric, i.e. if it is known beforehand that 


T 
x(t) =—a[t+—], yi) =—v f+] 


In this case instead of the period 7 we can restrict ourselves to 
T 
considering the halt-period —— - 


In Section 9 this fact has already been used as applicd to a relay 
system. There we determined a symmetric periodic state having two 
relay switchings per period, but with only one unknown — the period 
7’. The second switching of the relay, due to the symmetry of the state, 


T ee: 
took place at Moreover, in the case of a relay, the cocfficients 


were determined as functions of Z directly, and this considerably 
simplified the calculation. 

We can now summarize the methods we have deseribed in 
Sections 3—10 for determining the periodic states. ven in the case 
of piecewise-lincar characteristics exact methods are difficult to apply. 
This difficulty arises from the necessity of solving a system of trans- 
eendental equations ; the actual formation of these equations is a 
relatively simple problem. Only for the very special case of the most 
simple symmetric states for a symmetric relay characteristic is there 
only one period equation, which is not difficult to solve. But, on the 
other hand, the results obtained by exact methods are genuine, and 
they enable us to determine all the periodic solutions. 

Approximate methods are considerably more simple, but even 
then only in the case of astatic systems and symmetric characteristics. 


AUTO- AND FORCED OSCILLATION IN NON-LINEAR SYSTEMS 425. 


In other cases approximate methods also lead to the need for solving 
a system of transcendental equations [such as (5.8) and (5.8’)], although 
these are usually simpler than the exact period equations. But, on the 
other hand, approximate methods allow us to find the periodic solu- 
tions only when there is a filter or auto-resonance, and even then only 
some of the periodic solutions can be found: when there is auto- 
resonance we can only find those solutions with a frequency which is 
near the auto-resonance frequency, and when there is a filter, only 
those with a frequency less than three times the cut-off frequency. 
Approximate methods, therefore, cannot give authentic data about. 
the non-existence of periodic solutions. 


11. The Stability of Periodic States Found Exactly 


In the beginning of Section 7 it was shown that when the charac- 
teristic f(x,) was smooth, the question of the stability of the periodic 
state reduced to the investigation of the stability of the equilibrium 
in the system described by linear equations with periodic coefficients. 
But here we consider a piecewise-linear characteristic f(x,) having 
discontinuities and breaks. In this case also, to reduce the question 
of the stability of the equilibrium in a linear system with periodic. 
coctficients, we make use of a theorem from the theory of the stability 
of motions, which is quoted below without proof.* 

In this theorem the term ‘‘asymptotic stability’ is used. When 
speaking of stability above (see Chapter II) we have always had in 
mind only the following property: after sufficiently small initial 
deviations the considered state is restored after a time, i.e. the devi- 
ations from the investigated state tend to zero as i > oo. In essence, 
the discussion was about convergence in the sense given to this term 
by the engineer rather than stability as this term is understood in 
mathematics and technics. We shall now say that the motion is 
asymptotically stable if there is convergence, i.c. small deviations 
tend to zero, and if during the setting-up time the deviations from the 
given state do not go outside a small neighbourhood around the given 


* Tho proof of this theorem is contained in: Aizerman, M. A. and Gant- 
makher, F. It. «The Stability Of a System of Differential Equations with Dis- 
continuous Right-Hand Sides us Indicated by the Lincar Approximation, of 
a Poriodic Solution”, Prikd. mat. 4 mekh., Vol XVII, No. 5 (1957). 
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motion.** Thus, the requirement of asymptotic stability is stricter 
than the requirement of convergence, and if there is asymtotic 
stability, then there is certainly convergence. 

Proposing to return to (5.1) later, let us first consider the more 
general equation 


€;= fi (%, ~-+, Ln, b) a1, 2,...,, (5.128) 


where all the f; are functions which are periodic in ¢ with a total period 
t (in particular, they need not depend on ?#). 

Let the space of x, ..., %,, t be intersected by the surfaces 
F(t, ,.+-, %n,¢) = Oin the regions H, (a = 1, 2,...) It is assumed 
that each region H, is given its own functions f; , sufficiently smooth 
in this region. 

On passing across the surface F, there can be discontinuities 
both in the functions /; themselves, and in their partial derivatives. 
The integral curves of the equations (5.128) are continuous, although 
there are breaks on the surfaces /’, . 

Suppose, further, that x; = 2; (t) is a periodic solution of the 
system (5.128) intersecting the surfaces F, =0 at the time ¢ = é,. 

Together with the system (5.128) we consider the lincar equations 
whose right-hand sides are given in all regions H, : 


rt 
Ag, = 3b 40,, += 1,2,...,7, (5.129) 
j=l 


Of, 
where 6;; = = are periodic coefficients with a total period 
J lx=X(t) 
t, defined for any ¢ except t =f, . 
To equation (5.129) we add lincar relations defining the dis- 


continuities 4% for each instant t= 1¢,: 


al 
Az; (ty + 0) — Ax; (tg — 0) = &, S hig Atty (bg — 0) = 
Jez 
= (5.130) 


= E; > i Ax, (, + 0), 


kel 


** Tho torm ‘stability’ (as understood by Lyapunov) is not used in this 
book, but the term ‘asymptotic stability” is introducod for tho timo boing, 
but will not bo usod lator. Therefore wo aro not hore using tho usual strict. ¢— 
tho dofinition of those terms. 
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where 


Pa) 
dt x=X(tq) 


Equations (5.129) and the relations (5.130) determine jointly the 
integral curves which are discontinuous (for f= #,). We call the 
aggregate of (5.129) and (5.130) the linear approximation of the equations 
(5.128) for the periodics solutions x; = %; (t). Then if several additional 
limitations* are laid on the functions f; and fF, , we have the folowing 
theorem. | 

If the zero solution Ax; = 0 of a system of linear approximations 
(5.129) and (5.130) 1s asymptotically stable, then the periodic solution 
of the system of equations (5.128) is also asymptotically stable. 

We return now to the system (5.1). 

Suppose, to be specific, that the crossing from one straight line 
of the characteristic f(z,) to the other is made at the instant when 
x, first acquires the given values o,(a = 1, 2,..., 7). It is assumed 
that the periodic solution of the equations (5.128) of period 7 has been 
found in the way, for example, previously described in Sections 9 and 
10. If each stage of the characteristic has the equation 


f(x) = Ka ay ++ Sa ? 
then for the system (5.1) equation (5.129) can be rewritten : 


Az; = 2% Au, + A; b(t) x4, (5.129’) 


where I[(¢) is a periodic piecewise-constant function : 
Ut) = Ky (bbp~<t<h&, a=1, 2,..., 7). 


We write the equation of the surfaces of discontinuity for equa- 
ations (5.129’) in the form 


L,— Oo, = 0. 


* Thoso limitations will not be mentioned here since they are always 
satisfied in the system (5.1) which we shall bo interested in later. 
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Then the conditions (5.130) reduce to 


Ax, (§, + 0) — Ax, (¢, — 0) = BF Ax, (¢, — 9), (5.13807) 
where 
1 
Rk? = eA, & —__ 
x(t, — 0) 


Here é is the discontinuity in f(x,) for x, = x, (t,) and « = +1 or —1 
depending on the direction of intersection of the surface by the tra- 
jectory. 

Integrating equations (5.129’) for (4:_,<!<t,) and appro- 
visioning them, taking (5.130’) into account at the ends of the period, 
we find linear relations expressing the values of the co-ordinate at 
the end of the period 4; (¢, + 7’) in terms of its value at the begin- 
ning of the period 41 7; (t,). 

The solution 4 2; = 0 of the linear equation (5.129’) with periodic 
coefficients will be asymptotically stable (and, of course, so will the 
given periodic motion 2, (¢) if for any small 4 z, (t,) the condition 


Ax; (ty + T) < Aa; (E,). 
is satisfied. 

Thus, the question of the stability of the pertodic solutions of an 
miteal system (5.1) with a piecewise-lincar characteristic can be solved 
by the approvision method if we apply rt to the linear equation (5.129') 
with precewise-constant pertodrc coefficients, while taking the sallus 
conditions (5.180') into account. 

For those readers who are acquainted with matrix calculus we 
remark that if the result of this approvisioning can be written. in 
matrix form 


Aa(ty +T)=UAxz (t,), 


where U is a constant transformation matrix, it is necessary for tho 
stability of the given periodic solution that the characteristic roots 
of the matrix U shall lie in the unit circle. 

In the special case of the most simple symmetric state in a system 
with a symmetric relay characteristic (Section 9) the conditions for 
the stability of the periodic solution can be reduced to a simple 
criterion. 
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If the roots of the characteristic equation of the linear part of the 
system are known the characteristic equation answering the question 
of the stability of the periodic solutions is of the form 


T 
Pi 


Mra, B26 


whore 7 is the period wo have found, C; are the coofficients, and »; 
the roots of the characteristic equation of the lincar part of the system 
D(p) 7 0 and Ais unknown. 

In order that all the periodic solutions shall be stable tt 1s necessary 
and sufficrent that in the A-plane all the roots of this characteristic equation 
shall lie inside the circle of unit radvus. 

We can check that this condition is fulfilled by constructing the 
J)-partition in the plane of one or two parameters. To do this, instead 

a 


of putting A-= 70, wo must carry out the substitution A =e”, 
varying the values of @ from 0 to 27. 
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If the roots are not known, but the amplitude-phase charac- 
teristic of the linear part of the system is known, in this case the 
question of the stability is answered by the construction of the hodo- 


graph 


R(io)= "> W |io +6(2m —1) mal 


m= —~ 00 T 
where 
; K (iQ) 2 
W (2) =———, 2=w+(2m—~1)—. 
(ie) = — GO) + ( ) 7 
Setting some value w = a. finding on the hodograph W (i) 


2 
the points Qa0,4+—, Q=0,+38—, Q= 0, + 5——and 


2 2 2 
SO On, and also Q=0,—-—, Q=o0,—-3—, Q=0, —-5— 
T T T 


and so on (Fig. 225}, and adding corresponding vectors, we find 
the vector £ (iw). Repeating this for another w=, and so on 
we construct the hodograph F& (tw) for 0< w < co. 

The formulation of the criterion of stability of the periodic state 
is identical with that of the second amplitude criterion of stability* 
except that, instead of the hodograph W (2w), we consider the hodo- 
eraph & (2@), and instead of the point —1 we consider the point r where 


a (et 
2K D7 


T= 


2 | 


It is only necessary to remember that for m = 0 the hodograph 
W (tw) always passes through the point —r. The theory of stability 
shows that this fact is not an obstacle to stability. 

The question of forced oscillations in relay systems is considored 
in an exactly similar way**. 


12. Sliding Switchings in Systems with Piecewise-Linear 
Characteristics 


In the previous sections, when applying the approvision method 
and the method which is based on looking for periodic solutions in 
the form of complete Fourier sorios, it was tacitly assumed that the 

* Sco Chaptor TIL. 


** For moro detail seo Tsypkin, Y. Z. “Tho Thoory of Rolay Systems of 
Automatic Control’, Gostekhiadat (1956). 
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crossing from one line of the characteristic to the other could always 
be made. This is not always the case, and it is now necessary to discuss 
this question in more detail. 

Let us consider two contiguous branches of a characteristic 
(Fig. 226). First let x, << o, and let the depicted point move along 
branchI. At the moment it reaches the point Q, with abscissa x, = 0, 
the depicted point crosses instantaneously to the branch II. Then the 
abscissa of the point P, where it lands on branch II after the jump, 
need not coincide with the abscissa of the point Q; , i. e. it can differ 


F(x) i 


Kia, 226 


from a, -.- o,. Also, the velocity, acceleration, ctc. of the depicted 
point at the end of the jump also need not be the same, either in 
magnitude or in sign, as their values up to the time of the jump. All 
these quantities, the abscissa of the point P, the velocities of the 
depicted point after the jump, and so on, are determined from the 
saltus conditions (5.66), 

Branch IL of the characteristic can be given by a bounded 
segment. In goneral it need not contain any points satisfying the saltus 
conditions. The following six cases are therefore possible : 

1. The point P exists on branch II, ic. its abscissa Xp satisfied 
the inequality 

Oy Up << 05. 

2. The point 2 coincides with @, or with Qo, but the velocity 
of tho dopicted point after the jump is directed “towards branch IT”, 
1c, | 

Mp2, tp> and wp=o,, tp<d. 


432 THEORY OF AUTOMATIC CONTROL 


3. The point P coincides with Q,, but the velocity of the depicted 
point after the jump is negative: 


4. The point P coincides with Q}, but its velocity is positive: 
a p = Oz ) Lp > 0 . 


5. There is not in general any point P satisfying the saltus con- 
ditions and lying on the segment of branch IT, but only on its conti- 
nuation to the right, i.e. for 


6. There is not, in general, any point P on branch II, but one lies 
on its continuation to the left. 

All six cases of the position of the point P and the sign of its velo- 
city are represented in Fig. 227. 

The crossing from one branch of the characteristic to the other 
is called switching. 

In cases 1 and 2 the motion after the jump continues along branch 
II. Such switching is called normal. 

In cases 3 and 6 immediately after the jump the depicted point 
lands at a point of descent of branch II or further to its left, under 
conditions when reverse crossing is performed from branch LI to 
branch I. As a‘result of the jumps the depicted point, therefore, 
arrives not on branch II but once again on branch [. It slides back- 
wards, so to speak, on to branch I. Such cases of switching aro, there- 
fore, called sliding. 

In cases 4 and 5, tho depicted point does not in genoral land on 
branch EI, but also does not slide backwards on to branch I. Missing 
branch IT it is thrown back immediately on to branch LIT if this exists. 
In the contrary case, x, is unbounded, and in theory increases instan- 
taneously until the limits which always oxists in real systems begin 
to be felt, and the equations of motion change. Switching of this kind 
is called indeterminate, since it does not even follow from the salts 
conditions how the motion of the depicted point will continue after- 
wards. 
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Oz Os x) 


Kr. 227 


Tn Scetions 9 and 10 it was assumed that normal switching always 
takes place. 

It ig now necessary to determine the conditions under which 
switching will be normal. 

Wo shall assume that the degrocs 2 of the polynomial D(p*) 
and m of the polynomial A(p*) in the derived oquation (5.86), can be 
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equal*. We consider the following three cases separately: 


n—-m>1l, n-—-m=1 and nrn-—-m=0. 


1. Suppose first that n —m> 1, i. e. b, = b= 0. Then the 
first of the saltus conditions (5.66) is 


Ay 5 = Oy No (5.131) 


and on putting b, = 0 we find immediately that §, = 0, i.e. during 
switching x, changes continuously and P has the abscissa op = 0}. 
From the second saltus condition 


by + Sy = bom +O, (5.132) 


and putting 6) = 6, = €, = 0 we obtain &, = 0. Consequently, in this 
case the velocity x, is continuous during switching. If the velocity 
%, > 0 up to the beginning of switching, then it has this value also 
after switching (Fig. 228). Thus, for n—m> 1 the switching is 
always normal. 

2. Now let n—m= 1], ie. 6, = 0, 6, % 0. Then from (5.131) 
it follows as before that &, = 0, ic. that op = o,. From (5.132) we 


have 


b 
gy = —-* 1, 
Qo 


where 7, is the discontinuity in y on the characteristic at the point 
=O, le. no=f(oy+0)—f(o,—0), and &, == &,(0, -|- 0) — 
— &,(o, — 0). Therefore, after switching @, > 0 if 


b 
on > 0 (5.133) 
Aig 
. by | by . ‘ 
or if —~"~% <0, buty--"-| % < #, (a, — 0). (5.134) 
AX | Dy 


After switching 4%, <0, if 0, Ny <0, 
XN 
by 


arin seenene 


Lo 


but Ny > &, (0, — 0). (5.135) 


* Wo shall oxplain below the conditions under which 7° m. 
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If conditions (5.1383) or (5.1384) are satisfied switching is normal 
(Pig. 229). If the inequalities (5.135) are also satisfied the character 
of the switching is determined from the presence or absence of a loop in 
the characteristic. If there is no loop (1.€. 0, = 0,) switching is sliding 
(Fig. 2380). If there is a loop switching is normal (Fig. 231), but a 
peculiar motion then arises around the loop (Fig. 232) which changes. 
into sliding switching in the limit as o, > o,. 

3. Suppose, finally, that n = m, i.e. b+ 0. From (5.131) we 
obtain in this case 


Gy (Xp — 01) = by (yp — 1), (5.136) 


Fig. 228 


where Zp, yp are the coordinates of the point P (after the jump) and 
01, ¥, =f, (o,) are the coordinates of the point Q, (before the jump.) 

From (3.156) it follows that the point P must lie on the straight. 
lino 


“* 1 yy; (5.137) 


0 


at 
Yp =>. Lp — 
by 


having a slope stand passing through the point Q;. 
0 


On. the other hand, the point P must also lie on branch IT of the 
charactoristic. Thus, the point P is determined by the intersection of 
branch IL with the straight line (5.137). - 

The switching is normal if branch II intersects the line (6.137), 
(Fig. 238380) ; it is sliding when the line (5.137) intersects the continu- 
ation of branch II to the left of x, = o, (Lig. 233b) and is indeterminate 
if the line (5.187) intersects the continuation of branch IT to the left of 
T% (Bug. 233c). 
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Thus, for a relay characteristic (Fig. 234), for example, for 
” == ™m the character of the switching is determined exclusively by 


a a . .y. 
the sign of =. ; it is normal when —~ > 0 (Fig. 234d), and sliding when 
0 0 


a wy ; 
= < 0 (Fig. 234b). For a relay characteristic there can be no indeter- 
0 


minate switching. 


Yy 


Ira. 231 Kia. 232 


We pause to investigate sliding switching in more detail. Prom 
what has been said it follows that two different types of sliding switch- 
ing are possible. Sliding switching of the first type arisos when 2--m-~ +I 
due to the change of the sign of #, during switching. It is only 
possible in the absence of loops (¢, = o,) and is tho limit of the motion 
arising ‘around the loop” as the width of tho loop tends to zero 
(o,—> o,). The sliding in this case occurs along a vertical straight line. 
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Mra, 233 


Sliding switching of the second type arises for n — m = 0. It is 
completely independent of the change in the sign of the velocity a, 
and is determined solely by the Jump in a,. [t can occur also when 
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there are loops of any width; the presence of loops does not affect 
the character of the sliding motion and the width of the loop affects 


only the threshold value of : at which sliding switching arises. Sliding 
0 


a 
switching of this type occurs along a line with slope —, 
- 0 


Linear pare 


of the system 


Fre. 234 ra. 235 


From this account it follows that the case 2 = ae has a special 
significance for the switching conditions. But if the initial equations 
have the form (5.1) the equality 2 -= m is impossible. Let us suppose, 
however, that the non-lincar element is closed by rigid feedback 
(Hig. 235), so that the equations of motion are 


D(P*)z25K (P*)y, 
y= f(t) (5.138) 


wns 2 1Y, 


where r ::- const. 
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These equations, when we eliminate z, reduce to 


D(P*\x= K(P*)y, 


5.139 


— 


where K(P*) = K(P*) — rD(P*). Now in (5.139) the degree of K(P*) 
is the same as the degree of D(P*). 
If the feedback embracing the non-linear element is proportional, 


with transfer function r = ie! -, then the equations of motion 
tp + 1 
D(P*)z= K(P*)y, 
y =f (x), 


(Tp* + 1)a=(Tp* + 1)2—1y 
reduce after z has been climinated to the equations 


D(P*) «= K (P*) Y; (5.140) 
y = f(x), 
where 
D(L*) = (Tp* + 1) D(P*), and 


reed =~ 
-— 


K(P*) = (Lp* -|- 1) K (P*) — 7, D (P*). 
Now »— m-—= 1. 

Thus, the case n — m= 0 always occurs when the non-linear 
clement is closed by rigid feedback. The case n — m= 1 can also 
exist in the absence of feedback but it always exists if the non-linear 
element is closed by proportional feedback. In systems containing 
feedback which closes the non-linear clement tt ts necessary to follow the 
peculiaritias of the crossing from one branch of the characteristic to the 
other unth grea care. 

In conclusion we note that the motion “around the loop’? men- 
tioned above* is sometimes used to improve the control process. 

Thus for a relay characteristic, for example, with a zone of insen- 
sitivity and with loops, in such motion the operation of the system 1s 
accompanied by rapid switching on and off of a single contact of the 
relay and this often ensures a faster action and loss overshoot. 


* In the litermure if sometimes is also called: sliding. 
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13. Some Remarks Concerning the Phase Space of 
Dynamic Systems. The Value of Periodic Motions 


What value has a knowledge of the periodic states in the eluci- 
dation of the “‘large’’ behaviour of the control system for real rather 
than for small disturbances? 

Can we assert that in the absence of auto-oscillation states the 
system is “slightly” stable, stable, or ‘“argely’’ stable? 

To answer questions of this kind we must acquaint ourselves with 
the concept of the phase space and of phase trajectorics of dynamic 
systems. 

(a) Phase portraits of linear systems 

We consider first the system which is described by the two 

differential equations of the first order:** 


%, = ax, + bx. 
ae » | (5.141) 
by = Ct, + dry, | 
where a, 6, c and d are given (and may be zero). 
We assume that these equations have been integrated, i.c. that 
x, and 2, have been found as function of the time ¢ and of the initial 
conditions z,, and 2): 
% =f, (l, ®y9, 229); | 


5.142 
My == fy (f, yg, Vag). | 7 


For cach fixed value of 2,, and 2, equations (5.142) determine 
curves in the 2,, t-plane and in the 2, ft-plane (ig. 236). For somo 
other value of ,, and #,, these curves will havo a different shape and 
may intersect the curves for x, and a, at various points. 

The aggregate of equations (5.142) determines two two-parametor 
families of curves, in the a, {-plane and in the ay, é-plane, an infinitely 
large number of curves passing through cach point of the a-axis (or 


_ ** Wo roeull in particular thit. the soeond order lincwr diferontial equi 
(ion @, -|- Ad, -- ex, = 0 roducos to thoye if we put a, 3a, sineo in this: case 


My Wy, | 
hy = -~ eat, — hin, f 


AUTO- AND FORCED OSCILLATION IN NON-LINEAR SYSTEMS 44} 


of the #,-axis).* All these curves intersect one another. These graphs 
are not all suitable for representing the control process for various 
initial conditions. . 

It is considerably more convenient to use only one family of 
curves, eliminating ¢. 


Kia, 236 Kio. 237 


We fix tho values of a) and x,, in equations (5.142) and consider 
these as parameter equations of curves in the 2, %-plane (¢ being the 
paramoter). 

Tf wo lot f have any value, c.g. t ++ €,, using equations (5.142) for 
fixed a5, @ey wo can calculate the values 2, and x, i.e. a point in the 
1, t-plane., Wo give t another value t=: 4, say, and obtain a now 
a and a, 1.0, a new point in tho %,, #,-plane. If we now vary ¢ conti- 
nuously from 0 to oe then the point (called the depicted point) will 
also move continuously in the a, %-plano and trace out a curve, the 
phase trajectory. Tf the system is stable, i.o. if as ¢—> ec both x, -» 0 
and a,» 0 then along the phase trajectory as t—» co the depicted 
point tonds to the coordinate origin (Pig. 237). 


*Sinoo for fixed a,, and variable a, all the curves pass tho samo point 
of tho ,-txis, 
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In this plane we can construct in the same way the phase trajec- 
tory for any other values of g,, and x9. If the point corresponding to 
“1, and x,, lies on the earlier trajectory (for example, at the point a 
in Fig. 237), the depicted point will then move along this phase 
trajectory. If the point a5, G25 turns out to be somewhere outside the 
constructed. trajectory a new phase trajectory can be constructed by 
« similar method (Fig. 237). 


X9 


Xo 


Fic. 238 Fra. 239 


Thus, for various %,, and x,, the equations (5.142) deturmine a 
family of curves which cover the x, 2,-plane everywhere densely. 
The x,, 2,-plane is called the phase plane of the system. The phase 
planc, covered with the whole totality of phase trajectories, is called 
the phase portratt of the system. 

In contrast to the family of integral curves (Fig. 236) the trajec- 
tories of the phase portrait (Ifig. 237) can intersect only in a limited 
number of points, and only in one point, the origin of coordinates, 
for tho lincar case we have been considering wp to now. 

Indeed, the differential equation of the phase trajectories is ob- 
tained by dividing the first equation of the system (5.141) by the second: 

dx, GX, -- Cats 


dn, 


| 5.148 
Gay -b dar, | | 


Wor any values of x, and x, (apart from x, «4, 0) equation 


a. . ; dirty, , 
(5.143) determines @ unique value of Le. at any point of the 


dry 
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phase plane, apart from the origin, only one tangent can be drawn to 
the phase trajectory, and this proves that the phase trajectories do not 
intersect one another anywhere, except at the origin of coordinates. 
At the origin of coordinates (x, = x, = 0) from equation (5.143) 
. dv, O , - 
we obtain i = 7 Le. the origin is a singular point. It corresponds 
2 
to the equilibrium of the system (at this point #4, = 4, = 0). 
We recall that in a linear system the stability or instability does 
not depend on the magnitude of the initial deviations. On the strength 


tia. 240 


of this, the phase portrait of a stable lincar system is always such that 
the depicted point of any phase trajectory moves in the direction of 
the origin of coordinates. The “region of attraction’’ of the singular 
point of the origin of coordinates contains the whole phase plane. 
In unstable lincar systems the depicted point at any point of the phase 
space on the phase trajectory recedes from the origin, and the ‘‘region 
of repulsion” of the singular point of tho origin contains the whole 
phase plano.* 

Figures 238 and 239 show two possible kinds of phase portrait 
for a stable linoar system. For Fig. 238 the singular point is called the 
stable node, and for Fig. 239 the stable focus. 

Figures 240, 241 and 242 show three possible kinds of phase 
portrait for an unstable lincar system. 


* With the oxcoption of points lying on tho line a in tho caso of a saddle 
(HOG Fig, 242), 


444 THEORY OF AUTOMATIC CONTROL 


For Fig. 240 the singular point is called the unstable node, for 
Fig. 241 the unstable focus, and for Fig. 242 the saddle point. 

Only one position of equilibrium is possible in a linear system, 
and correspondingly there is only one singular point, the origin of co- 
ordinates. Moreover, in a linear system undamped oscillations** are 
not possible, and so the phase portrait of the linear system does not 
contain closed phase trajectories. 


Xo 


Fria. 241 ira. 242 


For simplicity we have taken the system (5.141) consisting of two 
first order linear equations. Everything we have said can be extended 
at once to a system consisting of any number of linear first order 
differential equations and of course also to any linear system, since 
each higher order equation can be reduced to several first order 
equations by the use of the method given in the footnote on p. 210). 
It is only necessary to consider a phase spaco whose number of 
dimensions is equal to the number of first order equations in the 
considered system, instead of the two-dimensional phase plane. 

It is not possible to represent tho phase portrait of a system con- 
taining more than two equations in a plane which has only two dimon- 
sions, although the basic properties of the phase portraits described 
above for systems of two equations remain in force in this caso also. 


** Wo do not consider the systom which oorrosponds oxuctly to the 
boundary of stability. 
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If the system is linear then: 

(a) the phase space contains only one singular point, the origin 
of coordinates; 

(b) if the system is stable, the “region of attraction” of this 
singular point (or if it is unstable, the ‘‘region of repulsion’’) contains 
the whole phase space; 

(c) there are no closed phase trajectories in the phase space. 

When the considered system of equations contains any one non- 
lincar equation it is quite a different matter. 


(b) The phase portraits of a non-linear system 


Just as in a linear system, the control process described by equa- 
tions containing non-linearities can be represented in a phase plane 
or In a phase space. 

Here too we take as a basic example the case when the motion is 
described by two first order differential equations: 


ty = £, (x, Xq), (5.144) 
dg = Hy (21, Wa), 


where J’, (a, #,) and £, (w,, x) are in the general case) known non- 
lincar functions of given arguments. 
Tho differential equation of the phase trajectories is obtained by 


dividing the first equation of this system by the second: 


OL SM Ee) (5.145) 


Only ono tangent can be drawn to the phase trajectory, and 
therefore thero are not necessarily points of intersection of the phase 
trajoctories at all points of the phase plane where F, (%, 2%) and 
IF, (a, 4) are not simultancously zero. The singular points of the system 

; see A, O . 
are found from the condition ° = -—, i. 0. are the common roots of 

dz, 0 
the two equations: 
K, (wy, Xp) = 0, 


(5.146) 
I, (2, Xq) ee 0. 
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Previously, when we considered a linear system, we had 


FF, (&, %) = ax, + b2,. 
F, (#1, %) = CX, + dx, 


and equations (5.146) had only one simultaneous solution: 2, = 2, = 0. 
In the x,, x,-plane the conditions (5.146) determine two straight lines 
intersecting at the origin (Fig. 243). But if the functions F (2%, 2.) 


ax, +bx,=0 


Fra. 2438 


and f', (%,, x) are non-linear, then the curves given by (5.146) can 
intersect in a point different from the origin of coordinates as well. 
In this case equations (5.146) have solutions other than the solution* 
XL, == X, = 0. 

In this case positions of equilibrium different from the controlled 
state arc also possible in the system (Fig. 244), and the character of 
the motion depends on the magnitude of the mnitial deviations. 

An example is given in Fig, 245 of a phase portrait for the system 
(5.144) when the curves #, ~- Oand Fy: O intersect only in one point 
apart from the origin (which is a singular point of the “stable focus” 
type), this point being where the “saddle point’ lies. The bold line 
shows the trajectory which passes through the “saddle point?’ and 
separates the “region of attraction” of the investigated stable equi- 


* Tho curves #7) -: 0 and 2, ©: 0 always intorsoet at the origin, sine we 
have takon tho position of equilibrium as that corresponding tow, . ate 0, 
Lo. at this point ao sd 60. 
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librium state, ie. of the singular point of the “stable focus” type 
lying at the origin of coordinates (this region is shaded in Fig. 245). 

If the initial deviations in 2), 2) give a point lying inside the 
shaded region in the phase plane (Fig. 245), after a time the depicted 
point on the phase trajectory will approach the origin of coordinates 
and the system will be stable with respect to this initial deviation. If, 
however, the initial deviation is such that the point x1), 2%, lies outside 
the shaded region the depicted point on its corresponding phase tra- 


ia. 244 


jectory goes away to infinity and the system is unstable with respect 
to such an initial deviation. The region of attraction of the singular 
point at the origin can a therctor ¢ be called the region of stability of 
the system. 

The phase portrait shown in Fig. 245, just like the phase portrait 
of a linear system, does not contain closed phage trajectories. At the 
samo time, in non-lincar systems, both in the case when. there is only 
one singwar point and when there are several singular points, there 
can be clased trajectorios. 

Kigure 246 gives an example of a system having only one singular 
point, at the origin of coordinates (‘‘stable focus”), and one closed 
trajectory, surrounding the origin. The phase trajectorios cannot inter- 
seat oxcept at the singular point, and therefore the closed trajectory 
(wo usually call it the limit cycle) separates the region of attraction 
or the region of stability of the singular point (shaded in Fig. 246). 
Inside the limit eyele the phase trajectorios “wind together’ with it 
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and ‘‘wind around” the origin of coordinates. Outside the phase tra- 
jectories they ‘‘unwind”’ from the limit cycle, and along any phase 
trajectory the depicted point goes off to infinity. The limit cycle 
itself corresponds to undamped oscillations, but in the case being 
considered they are unstable. However small the disturbance the de- 
picted point, on leaving the limit cycle, will not return to it again, 


and will move along the corresponding trajectory towards the origin 
of coordinates or to infinity. Undamped oscillations in such a system 
are never found in practice, and the limit cyclo serves only to define 
the region of stability. 

Another example of a system having one singular point (“unstable 
focus”) and one limit cycle surrounding it, is shown in Wig. 247. In 
this case the investigated position of equilibrium is unstable, but the 
“region of repulsion’’ or the “region of instability” of the system is 
bounded by tho limit cycle (this region is shaded in Fig, 247). After 
an initial deviation which lics inside the shaded region, the oscillations 
intensify and gradually undamped oxeillations which correspond to 
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the limit cycle are set up. Conversely after initial deviations lying 
outside the shaded region, the oscillations die down until those cor- 
responding to the limit cycle are restored. In this case the limit cycle 


not only Isolates the region of instability, but also determines the 
stable undamped oxeillations in the system which can be obacrved in 
practica, 

Bignre 248 gives an oxample of the phase portrait of a system 
containing two limit eyeles surrounding the unique singular point of 
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the system (‘‘stable focus’’). In this case the region of stability of the 
singular point corresponding to the controlled equilibrium is separated 
by the inner unstable limit cycle. If in Fig. 248 the initial deviations 
in 2,, and x,, determine a point within the inner limit cycle, the po- 
sition of equilibrium is restored and the system is stable. If, however, 
this point is not inside the inner limit cycle, but lies outside it, undam- 
ped oscillations corresponding to the outer stable limit cycle are 
established in the system over the course of time. 


X92 


Fia. 248 


Figure 249 shows a similar phase portrait for the case when the 
position of controlled equilibrium is unstable and a singular point of 
the ‘‘unstable focus” type lies at the origin of coordinates. In this 
case undamped oscillations corresponding to the inner limit cycle 
are set up after initial deviations 4, and a, determining any point 
lying inside the outer linit cycle in the phase plane of Fig. 249. When 
the point lics outside, the amplitude of the oscillation grows without 
limit and undamped oscillations are not restored. 

The system can also have limit cycles when the phase portrait 
contains more than one singular point. An example of this is shown in 
Kig. 250. In this case the controlled equilibrium is unstable (the 
origin is an “unstable” focus), and the limit evele corresponds to 
stable undamped oscillations which are set up over the course of time 
if the initial deflections define a point inside the region separated by 
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the phase trajectory passing through the second singular point 
(‘saddle’). This trajectory is shown by the bold line in Fig. 250. 
If the phase portrait of the system contains more than one singular 
point or if it contains closed trajectories (limit cycles) then the region 
of stability cannot contain the whole phase plane as in the linear 
system. In this case the region of stability is always bounded by a 
limit cycle or phase trajectory passing through a singular point. 


Fra. 249 Fida. 250 


Of course the phase portrait of a non-lincar system (5.144) need 
not contain extra singular points or closed trajectories. 

In this case the region of stability of the controlled equilibrium 
(the origin of coordinates of the phase space) can include the whole 
phase plane, and, just as in tho lincar caso, whether there ig stability 
need not depend on the magnitude of the initial doflection. 

Up to now we have considered a system consisting of two first 
order equations, 

In most practical problems of automatic control theory we have 
do deal with higher order equations. 

Ifo, the ordor of the equation of the system, is larger than two, 
instoad of a two-dimensional phase space we imagine an n-dimensional 
space, i.e. the space in which a point must be specified hy ~ numbers. 
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If the given system of differential equations has a periodic solution 
a closed curve in the phase space corresponds to this solution. 

In the plane the closed curves are the boundaries of regions. In 
the space surfaces and not curves must bound defined regions. As be- 
fore a closed trajectory, therefore, corresponds to a periodic solution 
of the considered system of differential equations, but 1s not the 
boundary of a region. 

There are two main differences between the phase plane and the 
phase space. 

1. In the phase plane the limit cycle is not only a form of oscillatory 
motion, but also the boundary of the region of stability for another 
limit cycle or singular point. 

Sometimes separatrix curves can be boundaries, but this happens 
comparatively rarely (mainly when there are several singular points, 
when the trajectories passing through the saddle point are sepa- 
ratrixes). 

In the phase space no curve (not even the limit cycle) can be the 
boundary of the region. 

The regions are bounded by separatrix surfaces, which entirely 
consist of phase trajectorics. 

Thus, in a phase plane the existence of singular points, limit 
cycles and the determination of their “slight” stability usually answor 
the question about their “large” stability too. In a phase space, to do 
this we must find also the separatrix surfaces, and this is a problem 
of extraordinary complexity 

2. In systems of the second order the oscillations can only be 
periodic. 

In higher order systems oscillations of different froquencics can 
exist, for example 


ew: Asinwtt- Basin Qe. 


If the frequencies @ and 2 are not connected by integer relations 
n@ -|- m9 =k (where n, m and k are integers) then the sum of these 
two oscillations is also an oscillation, but is not poriocdic. 

Such an oscillation in the phase space no longer determines a 
closed trajectory, but determines a trajectory which complotely fills 
some closed volume (such as a torus). Those trajoctories can bo stable 
or unstable. 
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(c) ““Shght”, “large” and “unbounded” stability 


The concept of stability can be given a graphical interpretation. 

The equilibrium is called “slightly” stable if a stable singular 
point in the phase space of the system corresponds to this equilibrium, 
i.e. if we can find a region in the phase space which is such that after 
any initial deflection belonging to it the depicted point approaches the 
singular point corresponding to the controlled equilibrium. 
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Thus, by saying that the controlled state is ““slightly’’ stable, we are 
only asserting the presence of a stable singular point, and are not defining 
the bowndaries of its attraction in any way. 

Lot the phase portrait of the systom be constructed, and the region 
of stability found. We call it the region @. 

In the a, #,-plane we shall now indicate a region of initial de- 
Flections which are possible in the considered system of automatic 
control with its given technical conditions. We call it the region L. 

If all the points of 4 belong to G the controlled state is said to be 
“largely” stable. 

Figure 251 gives an examplo of a phase portrait in which the 
region of stability is isolated by an unstable limit cycle, and the region 
Of possible initial deflections is given in the form of a rectangle. In 
Fig. 2515 tho system is “slightly” stable but “largely” unstable, since 
there aro several possible initial deflections for which the controlled 
state is not restored. 
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If the region of stability is unbounded and contains the whole 
phase space, i.e. if the system is stable after any initial deflection, 
then it is said to be unbounded stable. 

In exactly the same we define “slight’’, “large’’ and “unbounded”? 
stability of limit cycles. 


(d) The parameter space. Bifurcations 


Phase portraits are especially suitable for an estimate of the 
qualitative picture of the motions possible in the system. One glance 
at Fig. 248 for example is sufficient for us to assert that in the system 
with this phase portrait the position of equilibrium is stable with 
respect to initial deviations which do not go outside the defined 
threshold, but that after initial deflections outside this threshold un- 
damped oscillations are set up, their amplitude and frequency being 
completely independent of the amount by which the given threshold 
was exceeded. This picture is used whatever the size of the limit 
cycles (only the threshold values of the initial deviations, and the 
amplitude and frequency of the undamped oscillations, depend on 
their size, i.e. the quantitative and not the qualitative aspect). 

Lhe qualitative picture of the motion as a whole is given by the 
topological structure of the phase space, i.e. by the presence, type and 
mutual distribution of the singular trajectories, the singular points, 
limit cycles, and separatrixes. 

Let us now fix the values of all the parameters except one (the 
time constant or the coefficient of amplification of any stage, for 
example). Let us call this parameter a. On the numerical axis of a we 
select the point a = a,. For this value a = a, all the parameters of 
the system are defined and by one method or another the phase 
portrait of the system can be constructed. Suppose it is of the form 
shown in Fig. 248, for example. We now change the value of a. To 
this new value of a there corresponds a new phase portrait. Thus, for 
each point of the numerical axis of a a corresponding defined phase 
portrait can be represented. From the theorem on the continuous 
dependence of integrals of differential equations on their parameters, 
it follows that for a small change in a the phase portrait also changes 
little. If, for example, the phase portrait having the topological struc- 
ture shown in Fig. 248 corresponds to a = a,, the phase portrait for 
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a=d,- e will have the same portrait, at least if ¢ is sufficiently 
small. As | ¢ | increases we reach a value of « for which the structure 
of the phase portrait changes. This can happen, for example, when 
the separate singular trajectories fuse, or when their stability changes. 
Thus in the phase portrait of Fig. 248, for example, the inner limit 
cycle can, as a changes, contract towards the origin of coordinates, 
and for some value a = a* fuses with it, so that for a further change 
in a the phase portrait will contain only one limit cycle, and the sin- 
gular point at the origin of co-ordinates become unstable. This new 
structure of the phase space will be retained for larger values of a if 
no new value @ = a** is reached for which the topological structure 
of the phase portrait changes again. 

Thus when any parameter changes the quantitative characteristics 
of the phase portrait change continuously, but the qualitative charac- 
teristics of the phase portrait, its topological structure, undergo sharp 
changes for discrete values of the parameter. These discrete values of 
the parameter are called bifurcations. 

Points of bifurcation divide the numerical axis of the parameter 
a@ into sections corresponding to systems having identical structures 
in the phase space. 

In linear systems there are only two possible topological struc- 
tures in the phase space: there are no singular trajectories, the only 
singular point is at the origin (stable for one structure and unstable 
for the other), and the region of stability or instability is not bounded. 
A change in the topological structure occurs for discrete values of the 
varicd parameter on the boundary of the region of stability. In this 
sense the value of the parameter on the boundary of the region of 
stability is the bifurcation. But in a non-linear system, the concept 
of bifurcation is more general. The bifurcation value of the parameters 
can correspond not only to the change of stability of the singular 
point, but also to the vanishing or birth of a limit cycle, to the change 
in the number of singular points, and so on. 

Up to now, for simplicity, we have discussed the numerical axis, 
i.c. the space of a single parameter. There is no difficulty in genera- 
lizing the concept to parameter spaces of any number of dimensions, 
just as we generalized the concept of the region of stability in linear 
systems. 

Suppose that m parameters must be given for the complete deter- 
mination of the equations of motion of the system. 
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In the m-dimensional space of these parameters each point cor- 
responds to a definite structure of the phase space and, consequently, 
a hyper-surface dividing the parameter space into regions correspond- 
ing to systems whose phase spaces have identical topological structure 
can be found. In the special case when the considered system can be 
uniquely determined by two given parameters, the space of the para- 
meters is the usual plane, and the bifurcation values of the parameters 
determine a curve in this plane. 


(e) The concept of complete and special solutions of 
non-linear problems. The value of periodic volutions 


The concept of the ‘‘complete solution of a non-linear problem of 
automatic control theory’ is conventional. The more perfect the 
methods of the theory of automatic control are, the more complete 
will be the information about the dynamic system. 

At the present time a non-linear problem is considered qualitati- 
vely as being completely solved if the possible phase portraits have 
been determined, and bifurcation boundaries have been defined in 
the parameter space. The quantitative solution of the problem re- 
quires, in addition, the determination and positioning of the limit 
cycles and separatrixes (or separatrix surfaces) for each point of the 
parameter space. 

So complete a solution of a non-linear problem has only been 
found for individual special cases and, as a rule, when the problem is 
idealized. Because of this we are often satisfied by the solution of 
particular problems. Two particular problems have acquired great 
value: 

(a) The problem of determining the conditions for which the phase 
portrait of the system does not contain any peculiarities, apart from 
the singular point corresponding to the controlled equilibrium.* 

(b) The problem of determining the periodic solutions of the dif- 
ferential equations describing the control process, the conditions of 
their existence and of their “‘slight’’ stability, i.e. the problem of the 
existence of the limit cycles and those parts of the bifurcation boun- 
daries in the parameter space which correspond to a change in the 
number of cycles. 


* This problem was mentioned at the end of Chaptor IIL. 
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We can now return to the questions formulated at the beginning 
of this section, concerning the worth of the determination of the 
periodic solutions and of their stability. 

In any general case, the determination of all the singular points 
and periodic solutions and the conditions for their local stability is 
insufficient for us to find all the possible types of motion in thecon- 
sidered system. Only in the special case of second order systems, when 
the phase plane does not contain separatrix curves, do the value of the 
singular point, the periodic solutions and the conditions of their exis- 
tence and stability, enable us to solve the problem completely, i.e. to 
determine the possible topological structures of the phase portraits 
and the partition of the parameter space by the bifurcation boundaries 
into regions corresponding to identical phase portraits. 

Only in these cases does the absence of periodic solutions testify 
that the system is ‘‘slightly’’ stable, stable, or “largely”? stable. In 
other cases, when the order of the system of equations is higher than 
two, the fact that the system does not have periodic solutions, but that 
the equilibrium is stable, still does not necessarily mean that the 
system is also “largely” stable. 


14. Concluding Remarks 


A linear analysis enables us to evaluate the stability of the 
system with respect to small disturbances and to investigate the 
character of the control process, provided the disturbing actions are 
sufficiently small. Usually the investigation of the control process 
for real disturbances requires us to take non-linearities into account, 
i.e. to consider non-linear differential equations. The problem of 
constructing the process in non-linear systems with given conditions 
is solved by graphical and numerical methods, which are explained 
in detail in any course on approximate and numerical analysis. General 
methods of synthesis and analysis of non-linear systems of control 
have as yet hardly been developed, and have still not been sufficiently 
checked in practice for there to be any point in including them in this 
short course on automatic control. But one of the special questions 
arising in the consideration of non-linear control systems, the question 
of the steady periodic states, has been developed in very great detail 
and has led to methods suitable for technical calculations. 


458 THEORY OF AUTOMATIC CONTROL 


In the absence of external periodic actions the periodic states 
(auto-oscillations) are usually harmful, and the problem consists in 
determining the values of the parameters for which the auto-oscil- 
lations do not arise. In several cases, though, the auto-oscillations are 
useful or sometimes harmless, because the principle of action itself 
of the device is based on the use of auto-oscillations (in vibratory 
controllers, two-position controllers, etc.). In such cases the aim of the 
investigation consists in finding the parameters of the auto-oscil- 
lations (the amplitude and frequency) and in discovering how they 
can be changed in the required direction. When an external periodic 
action acts on the system periodic states arise only for frequencies 
lying within a defined strip; we then have to find the amplitude and 
phase of the periodic response of the system (of the ‘forced oscil- 
lations’) and the boundaries of this strip. 

The methods used to solve these problems can be subdivided into 
two large groups. To the first group belong approximate methods 
based on the assumption that the investigated periodic state is nearly 
harmonic. To the second group belong exact methods, which do not 
ignore the harmonics in the Fourier expansion of the periodic 
solution. 

An approximate method can be used only if the assumption that 
the investigated state is nearly harmonic can be justified. Such an 
assumption can be made in two cases: when the system is little different 
from a linear system in which the amplitude characteristic has a large 
and sharp peak (‘‘auto-resonance’’) and when the linear part of the 
given system blocks the harmonics caused by the non-linear element 
(‘filter’). 

When auto-resonance justifies the assumption about the nearly 
harmonic nature of the oscillations, we can consider that the sctting-up 
process represents a special ‘“‘almost-harmonic’’ process, i.e. sinusoidal 
with slowly changing amplitude and phase. This enables us to obtain 
simple criteria for the stability of the periodic states. These critcria 
are not suitable when a filter causes the oscillations to be nearly har- 
monic, since with a filter it is not possible to consider the setting-up 
process as ‘“‘almost-harmonic’’. The approximate method leads to the 
following main deduction. When the non-linear characteristic is odd, 
the frequency of the auto-oscillations does not depend on its shape; 
the shape of the non-linear characteristic affects only the amplitude 
of the auto-oscillations. 
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The periodic states can be found exactly without ignoring the 
harmonics when the non-linear characteristic consists of straight line 
segments. To do this we can use the approvision method, or we can 
look for periodic solutions in the form of complete Fourier series 
(without ignoring any harmonics). Both in the first and the second 
case the problem reduces to the formation of the period equations, 
which are systems of transcendental equations in terms of the times 
of occurrence of the separate segments of the characteristic during 
the periodic state. Only in one case, in the investigation of the simp- 
lest symmetric periodic state in a system with a symmetric relay 
characteristic, can we look for only one time, the period of the oscil- 
lations. In this case alone, instead of the system of period equations 
we therefore obtain a single period equation and we can solve it 
graphically relatively simply. In the other cases the period equations 
are solved on machines, or by tedious numerical and graphical methods. 
The problem of the stability of the periodic solutions which have been 
found exactly is solved by the equations of linear approximation. 
To do this we form linear equations with piecewise-constant coeffi- 
cients, together with linear relations between the discontinuities. 
This system of linear equations is integrated by the approvision 
method over the limits of one period. The integral found by this 
method enables us to judge the stability of the investigated periodic 
solution. 

The existence or absence of periodic states is not directly con- 
nected with the determination of the boundaries of the region of 
stability of the controlled state when the order of the system of equa- 
tions describing the process is higher than two. The region of stability 
can be bounded, and the system can be “largely’’ unstable, in spite 
of the fact that it is ‘‘slightly’’ stable and that there are no periodic 
states. The sufficient conditions for ‘‘large’’ stability can be obtained 
from other expressions, described at the end of Chapter IIT. 
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LAPLACE AND FOURIER TRANSFORMS 
AND THEIR APPLICATION TO THE 
INTEGRATION OF SYSTEMS OF 
LINEAR DIFFERENTIAL EQUATIONS 
WITH CONSTANT COEFFICIENTS 


1. A General Introduction to the Laplace Transform 


Let the function f() be given, equal to zero for t < 0 and different 
from zero for all, or at least some, values of ¢ > 0. Then the Laplace 
integral of the function f(t) is the integral of the form 


f f (t) e7 * di, 


where p is a complex number. 

We denote this integral by L [f(t)]. 

If f(t) is given we can calculate the value of L [f(t)] for each value 
of the number p. In this sense, L [f(¢)] is a function of p. A definite 
function L [ f(t) ] corresponds to each j(t), with some general restrictions 
laid upon it.* 

J(t) is called the original function, and L [f(é)]is called the Laplace 
transform or representation of the function We write this 


Lf (t)] +> F(t). 


The determination of the transform of the original function is the 
direct problem of the theory of the Laplace transform. The converse 


* The restrictions which are put on the function /(/) in order that its trans- 
form exists and, conversely, which are put on the transform in order that the 
function, shall exist, are not discussed here. In control problems theso restric- 
tions are not important. For more detail see the bibliography to the Appondix. 
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problem is the determination of the original function from the trans- 
form. 

In the theory of automatic control the most important use of the 
Laplace transform is in simplifying the integration of systems of 
linear differential equations with constant coefficients. 

There are several methods by which, knowing the transform of 
one function, we can find that of another function. Only some of these 
methods are important for what follows. We list them.* 


1. The determination of the transform of the sum of several functions 
from their separate transforms 


If 
LTA@MI SAM: LIAO AMs.- sc Lh) 7.0; 
then 


Lih +h@Q+::-+h@]=LIAM] + LiA@) +--+ 2,01. 


2. The determination of the transform of the derivative 
of a given function 


Let 
Lif (QI) + fd). 


| <P | + el [4(0)] — #(0) 


If /(0) = 0, then ree df () | —- oL [f (t)]. Similarly 


1 a |e p Lt (t)] — pr (0) + =O ae). 


Then 


If* 


_ af(0) _ 


L* For their proofs see the bibliography to Appendix i 0) 


air where 7=1, 2,... 


* In, Appendix 1 we shall everywhere for short put 


df(t) | 
di’ t=0 


in place of 
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£) EO | = pL 01 


In general 


{Oe |= eZ) ~ 


di™ 
m— m= aoe. m-3 © T(9) | 
— |p 7(0) + pre SOL 4 pms ST 4. + |. 
If 
— (0) 70) 
MO) a Fina 
then 
dF (t) | om 
x — |=? Lf (t)]. 
3. The transform of a definite integral 
If 
Llf(t)] + f(t), 
then 


+ fas] a 


4. The transforms of the basic functions encountered 
im control problems 


In Table A. 1 we set out the Laplace transforms of some functions 
which are encountered in control theory. 

These expressions can easily be verified by substituting the cor- 
responding f(¢) in the integral which defines the Laplace transform 
and integrating directly. 

In the above table 1 denotes a function of ¢ which is equal to zero 
fort < 0 and equal to 1 for ¢ > 0 (‘‘the unit function’’). 
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TaBLe A. ] 
Original Transform 
L {const 7] | const_ 
L [i7 1] | nt 
n=1 
: F 
£ {1 sin of] | _® 
p+ wr 
L [1 cos ot] - P : 
po = wr 
Lone 
D[1 sin (wt +- y)] see 
p+ wo 
L [1 cos (wt 4- g)] perro 
p° + 
1. J at -at 1 
1) 1— sinh ai} = £]1——(¢ — erat — 
a 20 p" — Qi" 
L{[1Lcoshat] = L|1 a (e% + e-@) _ PP 
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1 
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5. The construction of the transform of a function 
with a delayed argument 


If 
L Uf (1+ (2), 
then 
e-P Lf (t)] > F(E— 1); 
where 
~ = const. 
6. The construction of the original function of the product 
of two transformed functions 
If 
Lif, ()] > A, () and L[f, (t)] + fe (4). 

then 


t t 
Lif, QI Lf, (Q]+ i) f(t—t)f, (t) dt = J fx (7) fe (6 — Tt) dt. 


An integral of this kind is said to be the convolution of the two 
functions. 

To the product of two transforms corresponds not to the product of 
the original functions but their convolution. 


7.. The limit properties of Laplace transforms 


Let F(p) = D[f(t) + f(t) and the real part of all the poles* of 
F(p) be negative. Then 


Lf (t) lino = [DF (P) pnw: 


[7 (t) Jpnc0o = [PF (P)] peo: 


and, conversely, 


i.e. the limiting values of the function f(f) can be found by putting 
the values p = 0 or p = © in its transform and multiplying it by p. 
We can use these formulae to determine the limiting values of the 
solution of a differential equation from the form of this equation, 
without actually solving it. | 


*i.e., when Fp) is a rational, fractional function, all the roots of its 
denominator. 
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2. The Integration of a Single Differential Equation 
We consider a differential equation which has a right-hand side: 


d” x (¢) 41a d"—1 x (t) 


d”—? x (t) 7 
° den t qpn-t 


qe? —...+a,x (t) = f(t). 
(A.1) 


a 
! 2 


We multiply both sides of the equation by e~" and integrate 
it from 0 to oo: 


T dna (é dnt x (¢ ~ 
| la non + a, On +...ta,2 ) e~ Pi dt =|; (t) e ?* dt, 
0 


0 


or 


3 


d"a(t) _ ~ d2-lay(t) 
@, \ -——— e- dt + a, | ———— ee dt+... 
0 de” + J dgr-1 
0 


co co 


..- ta, | u(t)e "dt = f(t) e~Pt dit. 
Jorn 


We can now write this equation in the form 


dx (t dra (¢ 

a0 | tab a | 4... $a, L[2()] = LU]. 
di” din—1 

Using the formulae given above we now replace the transforms 

of the derivatives by transforms of the primitive functions and the 
corresponding initial conditions: 


0 
ay p" L [x (t)} — ao] prt (0) + pr? a +.. | + 


prte(o) + rr) 4] 4 


+a, p? +L {2 (t)) — a, dt 


+...+a,L [x ()] = LU). 
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If we now take all the terms involving the initial conditions to 
the right-hand side, and then take ZL [a(¢)] outside the brackets on 
the left-hand side, we obtain: 


(ap +a, pri+t...+4,)L[e]=L[fQ)+ Rp). (A2) 


R(p) here denotes the sum of all the terms involving initial con- 
ditions, and is a polynomial in p with coefficients which depend on the 
initial conditions. 

If we collect like terms in R(p) we obtain a polynomial in p: 


& (p) = Dy prt... + by -1 P + 6, ) (A.3) 


whose coefficients depend on the initial conditions and are given by 


by = a,x (0), ] 
dx 
by = ay ey +- a, %(0), ol 
di 
d—2 x (0) d7-3 x (0) 
6,4 =a - Q,—2 & (0) 
I 0 ditn-2 rei  dyn-3 Teer ( 
d°-1 x (0) d"-2 x (0) 
b, = &@, ————— + a, ———_~ +... + a,_. 2 (0). 
0 dyn-i + 1 din? + + : ( ) 
If all the initial values are zero, i. e. if 
. 2» iL op 
(0) = 220) _ S20) 8 B20) 
di di? dj 


then A(p) is identically zero, R(p) = 0. 
The polynomial in the brackets on the left-hand side of equation 
(A.2) can be obtained directly from the given equation (A.1) if the 


M1 
mth derivative of x is denoted by p” instead of by the usual -- aim 


Then equation (A.1) becomes 


ay p'e+a,p'te#+...+a,4=f (t) 
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or, taking x outside the brackets, 


D(p)x = fit) , 


where 
D (p) =a, p"? +a, pr 3+... +a,. 


The equation D(p) = 0 can be called the characteristic equation if p is 
regarded as a normal variable. 
Equation (A.2) can now be written 


D(p) L [a(t)] = LL f(t)] + Rp) 
or 


L tw (t)} = 2) FP) (A.5) 


The next problem is to determine xz(¢) from this transform. 


L (f(t 
The term wn determines the motion of the system under the 


action of a disturbance f(t) s+ 0 with zero initial conditions, and the 
fi (p) 
D (p) 
by the initial conditions not being zero. 

ExamPLe 1. To find the transform of the integral of 


term determines the motion of the system which is stipulated 


cd? x (2) a, dx (t) 


dl? cld 


+a,“ (t)=5sint, 


when, for ¢ = 0 the initial conditions are equal to 


dz 
== 2X, =. 


dt 


Multiplying both sides of the equation by e~” and integrating it 
between 0 and ©, we obtain: 


aed 
ay L eal!) 


at 


|+ a1 aa | + a, L [x (t)] = 50 [sin #]. 
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Performing the transformation, we find: 


dx (0 
ay ip? L [x (t)] —] px (0) + val 
1 
+ 4, {pL [x (t)] — = (0) + a, L [x (t)] = 5 T 
or 
5 
(Ap Dp + a,)p + a.) L{ x(t) | = P + j 


Solving this equation for L [x(t)], we obtain: 


5 
—-—— + R (p) 
P+ 
t)) = 
{x ())] Ay Pp? +a, p+ ay ’ 
where 
dx (0 
R (p) =a px (0) + 4,2 (0) +a, — | 


It is then necessary to go from the obtained transform to the 
original. To study a method for doing this in this case we return to 
equation (A.5), which defines the transform of the required function 
x(t): 


Lx (y= ZO) 4 2) 


D(p) Dp)’ 
and we put 


Then 


We find a function x(t) for which 


L[a(t)] = E(p) _ b, p21 + b, pt? + ‘ct + 6, 
D(p) ay p+ ayp+... +a, 
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To do this we express the right-hand side of the equation in partial 
fractions.* Then 


R 
MeOl= F—ypaae Rod 
D — Py) (P — Po) (P — Ps) «+» (P — Pn) (4.6) 
= _ Ar _ Ag + cee + An , 
P—-Pi PP» P— Pn 
where 9), P2,---, Dn ere the roots of the characteristic equation 
D(p) = 0; A;, A., ..., A, are the coefficients (numerators) of the 


partial fractions. 

We derive a formula for determining all the A. To do this we 
multiply both sides of the equation by (p—p,), where p; is one of 
the roots of the equation D(p) = 0: | | 


POPe gy POP e got _ 4 BO Pe A, +A, + 
P— Py P— Pe P — Pr-1 


+ P— Pr Ana te. + PE Pt A, = POP Rp), 
P— Peay P — Pn D (p) 


In the resulting equation we put p = p,. On the left only the 
P — Pr 
D(p) 


0 os 
when » = p,, is of the indeterminate fotm ~~ . Expanding it by 


term A, is different from zero. On the right the fraction 


? 


. ° . P —_ Pr 
lV Hépital’s rule we obtain lim ——— = —~ 
P p-+pr D (p) D’(p;,) 


giving any coefficient A, is of the form 


, so that the equation 


A, — Rk (D:) 
D’ (px) 
where 
D 
rin = [222] 
P=Pk 


* Wo only consider the case when, there are no multiple roots. 
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Putting these values of A, in (A.6) we find an expression for 


! 
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L [a(t)]: 
D(p) D’(pi) P-Pr 
_, £ (po) 1 -  TELPn) 1 
Dp’ (Po) P — Pe D’ (P,) P Pn 
or 
bie] = > (A.7) 
kar D’ (Px) (P — Px) 
(Px) = const. In table A.1 above 
was given. Using 


In each term the coefficient — 
D’ (px) 
()] = 


an expression for the original of L [f 


this expression, we find 
I — ePit 
P— Pr 
Hence 
E (px) a Ei (Px) ePxt . 
D’ (Py) (BP — Pr) = D’ (Bx) 
= 0 and when the initial conditions are different 
(A.8) 


ken oe ) re 


Thus, when f( 
from zero the integral of equation (A.1) is equal to 
To find this integral the following steps are necessary 
(1) Determine D(p), the left-hand side of the charactcristic 


equation. 
(2) Find the roots of this equation. 
» Dn successively in D’ (p) and in R(p), and find 


3) Determine the coefficients of the polynomial R(p) from (A.4). 
4) Find the derivative D’ (p) ; 
-+ , 2); 


( 

( 

(5) Put 91; Deo 

(Ph Dy imnere k= 1 2, 3, 4, 


D'(p 


the values of (p.) 


then 


and 
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(6) Form the sum (<A.8). 
If among the roots there are complex conjugates: 


t »% s 4 
Pr=a- ip, Priy=a— ip, 


EPpy) ek — sito 
D*(p;,) A 0s | 
si (Py +1) —_ - — 2 —$§— io 


We write complex numbers in vector form: 


Fi (px) — Aaj 


nay 


D(p;) 


where 


A=J/@+0?,g9= arctan, 


Then its complex conjugate 1s 


and 


E(x 41) — Ae-ir 
D" Prt) 


among the terms in 


there will be terms 


A el? ele FEB)t -- Ae7 i? e(a—-if)t | 
Making use of Euler’s identity 


e* — cosz +7sinz, 


we obtain 


ef(ft+9) — cos (BE + p) + isin (ft + 9), 
etre) — eos (Bt + vy) — tsin (Bt + ¢). 


47] 
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Hence 
ip p(aripyt 4 —~i¢g p(a—ipyt — 
Ae’? ¢ + Ae'? ¢ 
== Ae [ellet-r 4. g—iBt-o)) — 2 Ae*'cos (t+ ov). 


Thus, when the characteristic equation has complex roots 


k=r k=s 
x(t) == SC, eH + S 2A, e* cos (B,t+ Gx) » (A.9) 
k=1 k=1 


where r is the number of real roots of the characteristic equation, and 
s is the number of pairs of complex conjugate roots of the characte- 
ristic equation, 


_ Fi (p,) __ se a 2 _ an ©. 
Ck = Try , A, =V8O+oc?, vy, = arctan - 
Px, is a real root of the characteristic equation, a, and f, are respect- 
ively the real and imaginary parts of the complex roots of the charac- 
teristic equation, and 6 and o are respectively real and imaginary 
E (px) 
D Dx) 
This method of constructing the integral of a differential equation 
enables us to take the initial conditions into account from the very 
start, and simplifies the determination of the arbitrary constants, 
amplitudes and phases of the separate harmonics. . 
EXAMPLE 2. We are given the differential equation 


parts of the expression when p; is a complex root. 


d3 x (f) 
dé daz 


=e 


+11 


+ 62 (t) = 0 


and, when t = 0, the initial conditions: 


The characteristic equation 


Dp) = p> + 6p? + Ilp+6= 
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has the roots 
P=—l, pp=—2, pp=—3. 
We calculate the coefficients of the polynomial 


R(p)= 6p? +b, p+ bs, b,=a,2(0) =1X5=5, 


da: (0 
by = ay LE) + ayer(0) = 80, 
=~ (0) da (0 
bs = dy dp 1 ~ Tb @,% (0) = 55 


In this case 


R(p) = 5p" + 3830p + 55, D’ (p) = 3p? + 129 4 11 


and 
5p? + 30 55 
L{a(t)] = Pee 
pe + 6p? + llp+6 
Therefore 
k=3 _ 
=, D’ (p,) 8—12411 
B(4—12+1)) 4 59-18 +11) iy 
12— 24+ 11 27 —36+11 


== 15e-' — 15e7*f + 5e 8, 


Suppose now that f(t) + 0, but that aJl the initial conditions are 
equal to zero, so that R(p) = 0. Then 


Lie (@)= 


Usually in control theory the functions f(t) are. those given in 
table A.1. All these functions have transforms of fractional-rational 
r (Pp) 
5 (p) 


first or zero degree (see table A.1). 


form where r(p) and s(p) are polynomials in p of the second, 
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Thus 


= a 
— ’ 


s(p)D(p) Dip) 


D(p) = s{p) Dep) . 


where 


Reasoning in exactly the same way as we did above in the case 
f(t) =0, R(p) = 0 we obtain the required original z(t) in this case: 


— vy (Pe) oye 
x(t) = > Dw ePxt, (A.10) 


where », are the roots of the equation D(p) = 0. The summation is 
taken over all the roots. 
If D(p) has one zero root, i.e. D(p) = pD,(p), formula (A.10) 
can be put in the form 
r (0) 


Di(0) 


? (Dx) 
Py D3 (Px) 


ePrt 


EXAMPLE 3. We consider the differential equation 


d8 x (t) d? x (t) cla (t) 
——— 6 ———— + 1] ——-— + 6x (t)=1(1 at) | 
FF + FF -+ rr + 62 (t) (1 + e~*) 
2 
The initial conditions are: x (0) = da (0) = dz (0) = 0. Due to the 


di dé? 
fact that all the initial conditions are equal to zero, R(p) is identically 
equal to zero. 
From table A.1 


LU W1=|—-+ > |= 2s } 
p p+ 4. p(p-+ 4) 
In this case 


r(p) = 2p + 4, 

S(p) = p(p+ 4), 

D(p) = p® + 6p" + 11p + 6, 

D (p) = p> + 10p4 + 35p3 + 50p? + 249, 
D’ (p) = 5p* + 40p3 + 105p? + 100p + 24. 


Or 
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Hence 
2p 
D(x (t)] = ——___"Pe* 
P(p + 4) (p° + Sp’ + 1p + 6). 

The roots of the characteristic equation D(p) = 0 are equal to 
—], —2 and —3. 

The roots of the equation s(v) = 0 are equal to 0 and —4. 

The original x(t) is equal to 


Let us now assume that f(t) = 0 and that not all the initial con- 
ditions are zero. Then the transform L [a(¢)] contains the two terms: 


ATE) og 22) 


D (p) D (p) 


and the original function is equal to the sum of the inverse transforms 
of these functions. 
EXAMPLE 4. We consider the differential equation 
d3 x 16 d* x 
di? di? 


P] 


412 4 ba = 1 (1 — e-* 
dt 


; ae - dx d*a 
with the initial conditions, when? = 0: «=5, ra = 2 — 


was found for this case, and 


R 
In example 2 the original of (P) 


D(p) 
the orje Lf (ty) , . , 
e original of was found in example 3. To find the integral 


D (p) 


of the given equation, we must add the solutions of examples 2 and 3. 


3. The Integration of a System of Linear Differential 
Equations 


Usually the processes of automatic control are described not by 
one but by a system of equations, in the general case by a system 
of the form 


d2 t dz, (t 
jas a. + dy na + Cy (0) + 
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| d? ay (t) da, (¢) 
Tr jas st + Ory. di TT Cy2 %2 ") + 
% as a(t 
..t+ la, a? a, (f) + din da, (t) + ¢1, Xp, (t) | = f, (e), 
di? t 
d? 4 (t) dx, (t) |+ 
i b, Co, X, (t 
ea ay? + 951 FF + Cy1 %, (t) 
d? x, (t) dx, (t) 
> boo Cop L(t) | +.. 
an ox 2 + Oo0 di + Cy Ly {t) 


dan (t) 5 dent) 
di 


et a a2 


E aan + 6 nl = “ + ¢ Cny Uy | + 


d? x5 (t) b dats (t) 
di2 + n2 dt 


Sint) +2, sett 


+ on = Crp Le (1) + 


+ Cnp%p, (t) |= fn (0, 


(A.11) 


eet Ce 


where 2,(t), %(t), -.., 2%, (6) are the required functions of ¢; a, 0, c, 
are real numbers (in every real case some of these numbers will be 
zero) and f; (¢) are functions having values different from zero when 
t> 0. 

To determine the law of change of any of the generalized co- 
ordinates x; (t) we could, by eliminating the other coordinates, re- 
place this system of differential equations by a single equation in z,, 
and, further, replace the initial conditions given for the system (A.11) 
by corresponding conditions for this equation and then work according 
to the rules given above. It is simpler, however, when a system of 
linear differential equations is given, to find the transform of each 
equation separately in the same way as was done above for one 
equation. To do this we must multiply the left- and right-hand sides 
of each equation by e~” and then integrate them between 0 and oo. 
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As a result we obtain a system of algebraic equations in terms of the 
transforms JL [z,(¢)], Z (a,(¢)], ... , Z [x, (é)]: 


Dy; (p) L[ 2, (t)] + Dy (p) L [a (t)] +... ! 

-.- + Dj, (p) La, (t)] = Lf, ()]+ By (p), 

De; (p) L(x, (t)] + Doz (p) L [xe (t)] +... 

»+ ++ Den (p) L(x, (t)] = LD [fe (t)] + Be (p), f (A.12) 


oot Dan (p) Lz, ())=L2,()]) + #,(p), J 


where all the #, (p), R,(p), .-., Rn(p) are polynomials in p with 
coefficients which depend on the initial conditions,* and all the 
D;; (p) are determined as in the case of a single differential equation. 

The system (A.12) contains » linear algebraic equations in n 
unknowns: 


L[%,(é)], La, @)),-..,L [an ()]. 


If we are interested in any one coordinate, x, for example, then 
its transform can be found by solving the system (A.12) with respect 


A 
to L[z,] = — where: 


L Ch, (‘)} + R,,(p). ° Dro (p). ° Dan (P) 


* The functions B,(p), R,(p), ..., Rn(p) are determined during the trans- 
ition from the system (A.11) to (A.12). They cannot be calculated directly 
from formulao (A.3) and (A.4) which were given above for the calculation of 
R(p) in the case of tho transform of a single differential equation, since in this 
case cach of the equations in the system (A.11) contains several of the required 
functions 2;(t). 
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Expanding the determinant A, we obtain: 
Ay 
L {x (t)] = 7 > (A.13) 


__ Lif, @)14,, +..- + LE, (O14 + Bi (p)4u +- -tha(P) Ain 
D (p) 


? 


where D(p) = A(p) is the left-hand side of the characteristic equation 
of the system, and 4,,, 41., ..- , Ay, are algebraic complements of the 
corresponding elements in the first column. 


If 
hi () = fr (t) = os = Jn (t) = 0, 
then, also 
LifA@J=Lih @J=.-.=Lifrl)]=0. 
In this case L(x,) once again reduces to the form 
i (p) 
L{z,) = ——, 
= Dp) 


where R(p) = RB, (p)4,, + ... + Ry (p)A,, is a polynomial in » whose 
coefficients depend on the initial conditions. Hence, in this case also 


a(t) = SF (Px) ePu (A.14) 


If all the initial conditions are zero, but 


fi (2) == 0 ’ 
then 
M (p) 
L _ 
[z, (#)] D (0) ? (A.15) 
where 


M (p)= Lf] 4 +... + Llp (YI Arn. 
When all the L [f; (t)] are fractional-rational functions (see table 
A.1) M(p) can be reduced to the form VM (p) = "(P) and we obtain 
once again *(P) 


L _— r (p) 
[3] Tip) Dioyv (p)D(p) (A.16) 


Then z, (¢) is given by formula (A.10). 
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w 


ExamPue 5. To find the function x, (¢) which satisfies the diffe- 
rential equations 
das, (t 
SH) es (t) + 5a (t) =, | 
dé 
0-1 a +. x» (t) — 102, (t)= 0. | 


da, (0) _ dx, (0) _ 
di dt 


with the initial conditions 2,(0) = 2, (0) = 0. 


We take the Laplace transform: 


(p + 1) L fw, (¢)] + BL (a, )) = Li), 
—10L (a, ()] + (lp + DL (x, )] = 0. 


In this case 


ae 5 : 

L[x, (t)}= 0 Opti) _ (Olp+ Atty 
pri 65 | (p +1) (0-lp +1) + 50 
—10 0-1p-+1 


1 
From table A.1 it is seen that the transform of L[1]=— and 
P 


LD fa, (t)] = lpr . 


p(0-1p? + 1-1p + 51) 


In this case 
r(p) =O-lp-+ I, 
8(p) = PD, 
D(p) = 0-1p? + 1-1lp + 51, 
D (p)= 0-1 p? + l-lp? + 51p, 
D’(p) = 0:3p? + 2.:2p-+ 51. 


The roots of D(p) = 0 are equal to p,. = —5-5 +2 21:9. 
The roots of s(p) = 0 is equal to p, = 0. 
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We obtain the required original by using formula (A.10): 


2, (t) = = + 0.0466 e-5%! cos (21-9¢ + 115°43’) = 
5 
= 0-0106 — 0-0466 e-5 © sin (21-9% + 25°43’). 
Similarly we can find 2, (¢): 


p+1 on Pao of 
— 10 
jptr 6 | 


* ~— ‘0 0. te +1) 
_ + 10L [1] _ 10 
(p+1) (0-1p-+-1)+50 p{(p+1) (0-1p+-1)+50] 


L{x, (t)] = 


The roots of D(p) = 0 are equal to p,, = 5-5 +7 21-9, and the root 
of s(p) = 0 is equal to p, = 0. 
From formula (A.10) we find: 


%y (t) = = + 0-202 e553! cos (21-92 + 194°6’) = 


= 0-196 — 0-202 e- 55! cos (21-97 + 14°6’). 


4, The Fourier Transform and Integral 
The Fourier transform is a special case of the Laplace transform. 


It is obtained from the Laplace transform by putting p = iw. Thus, 
we obtain an expression defining the Fourier transform in the form 


= (f(t) enH" dt. (A.17) 


Stricter restrictions are laid on the function when the Fourier 
transform is used than in the use of the Laplace transform.* If these 


* For more detail see the literature given in the bibliography to the 
Appendix. 
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restrictions have been taken into account all the properties and tables 
formed for the Laplace transform can also be extended to this trans- 
form. It is only necessary to put p = 7m in them. 

In contrast to the Laplace transform the Fourier transform 
enables us to give an intuitive physical interpretation of the process 
of determining the transform and its original. To explain this pro- 
perty of the Fourier Transform, let us examine some properties 
of Fourier series and of the Fourier integral. 

Let any periodic function f(t) with period 7 which satisfies the 
usual conditions necessary for an expansion in a Fourier series be 
given: 


[=o] 


(= >+ > 


k k 
a, cos 2x—t + b.sin 271 ——t}. A.18 
= |7 T + Oy, Tr ( ) 


270 . ; . 
where 7 wis the frequency. The coefficients of this expansion are 


defined by the formulae: 


T 
2 _ 27 
b, = ral f (¢) sin kt di. 
0 
The expression (A.18) can be written: 
a 
f(t) = - + > A, cos (kot — 9); (A.19) 


where 


A,, = ) (a? + 22), 


b 
vp, = arc tan—, 
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We consider the general term of the Fourier series: 
27 _ 20 
a, cos — kt + c, sin — ft. 
T’ T 


Using the formulae which connect the trigonometric functions 
and the hyperbolic functions: 


(e* + e~ tt), 


cost = coshit = 


bo | 


1 1 
sin = — sinh fr = ——(e" — 6"), 
2 24 
where 


27 
T = — kt. 


27 . 2, 
Then, putting these values of cos a and sin a in the general 
term of the Fourier series, we obtain: 


Op, it —it bi, it —it 
—  (é +. é — — (ee —e€eé . 


% 


Collecting all the terms containing e"" and e~"*, we find: 


] ; ; ] ; 
> (Qj, — 1B,) e + ~~ (2, + tb.) e~*. 


Let: 


1 
> (Ay, — tby) = C,, (ay +- tb,) = C_y, ——-= Cp. 


vo | 


Then 


3 , 27 


t 
a 008 li + sin = t= C.e’ +0_,¢e 7 


Thus, the Fourier expansion of the periodic function f(t) can be 
written in the complex form: 


itj= > O,e? : (A.20) 
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The coefficients of the series are determined by the formula 


T Qn 
1 —izn kt 
C, =p [ile dt. 
0 
Indeed 
Lb 1 ‘ 
Ay, — 1b, . 
C, yt ap | NO c0s SE ae — isin 2 7 Hae = 
0 
1 * = kt 
= — t)e ‘T d 
pit 


If we know C, it is easy to compute the amplitude and phase of 
the oscillation for any &. k can only take integral values. 

The graph on which, for each integral value of k the value of C, 
is drawn, is called the spectrum. 

Thus, a Fourier series enables us to represent a periodic function 
in the form of a discrete spectrum. If the function f(#) is unperiodic 
and is given in some finite interval of time (and has no meaning when 
it is outside this interval) we can take this interval as the period 7 
and expand the function in a Fourier series. 

As T' —» 0 the series becomes the Fourier integral 


/(i) = { [a (@) cos ot + b(w) sin wt] dw. 


0 


The coefficients are determined by means of passing to the limit 
as J’ —» co in the general expression for a, and b,: 


fo] 


Oy), = e {ro cos wi dt = a(w), by = — {ro sin wt dt = b(w) 


— 0 


The Fouricr integral can be written: 


f(t) = i A (w) sin [ot + p(o)] da, 
0 


where 


= /a?(w) +b? (@), g(w) = arctan 5 
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Putting A(m) and g(w) along the ordinate axis, and taking w as the 
abscissa, we obtain continuous curves, the continuous spectrum of an 
unperiodic function. 

Let us write the Fourier integral in a more compact complex 
form. We note that 
b(w)sin wt + a (w) cosa@t = 

— bw) (got __ e— tot) + 21) otat + eter) — 
2% 2 

aw) + tb (@) plot, 


fli) = [Fy (to) ela do, 
+o 


where 
1; 
F, (ia) = i f (t) ede. 
270 


+0 
If we put [ f(t)e~'dt = F (tw), then 


P, (to) = FP (ia). 
2 
Thus, the unperiodic function f(t) (satisfying restrictions which we 
have not mentioned) can be represented in the form of the Fourier 
integral: 
LP 
i (t) =— { F (iw) et doo, 


where 


+ . 
The integral F (iw) = { f(t)e~dt itself represents the Fourier 


transform of the function f(t). The lower limit can be replaced by zero 
if in the Fourier transform, just as in the Laplace transform, only 
those functions which are equal to zero for t < 0 are considered. We 
can call the function (iw) the complex spectrum of the function f(é). 
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TABLE OF THE TRIGONOMETRIC FUNCTIONS FOR ANGLES EXPRESSED 


x sing 


COS @ 


IN RADIANS, AND OF THE FUNCTIONS e’, ae AND Si 2, 
THE INTEGRAL SINE 
Sia cos @ sin e-* sin & : COS x 

0 1 0 | ] 1 oa) 

0 -010000 0-99995 0-01000 | 0-99005 0-99998 00-99500 
0-019999 0-99980 0-02000 0-98020 0-99993 49-9900 
0-029998 0-99955 0-03000 0-97045 0-99985 33°31833 
0-039996 0-99920 0-03999 0-96079 0-99973 24-98000 
0-04999 0-99875 0-04998 0:95123 0:99958 19-97500 
0-05999 0-99820 0-05996 0-94176 0-99940 16-63667 
0-06998 0-99775 0-06994 0:93239 0-99918 | 14-25072 
0-07997 0-99680 0-07991] 0-92312 0-99893 12-46002 
0-08996 0-99595 0-08988 0-91393 0-99865 11-:06614 
0-09994 0-99500 0-09983 0-90484 0-99833 9:95004 
0-10993 0-99396 -010978 0-89583 0-99798 9-05596 
0-11990 0-99281 0-11971 0-88692 0-99760 8-27340 
0-12998 0-99156 0-12963 0-87810 0-99718 7°62739 
()-13985 0-99022 0-13954 0-86936 0)-99673 707297 
0-14981 0-98877 0-14944 0-86071 0-99625 6:59180 
0-15977 0-98723 0°15932 0-85214 0-99573 6-17017 
0-16973 0-98558 0-16918 0-84366 0-99519 5:79755 
()-1797 0-98384 0-17903 0°83527 0-99460 5°:46579 
0-1896 0-98200 0-18886 0-82696 0-99399 5-16844 
0-1996 0-98007 0-19867 0-81873 0-99334 4-90033 
()°2095 0-97803 0-20846 0-81058 0-99266 4:65729 
0-2194 0-97590 0-21823 ()-80252 0-99195 4-43589 
()-2293 0-97367 0-22798 0-79453 0-99120 4-23333 
0-2392 0)-97134 0-23770 0-78663 0-99042 4:-04724 
()-249] ()-96891 0-24740 0-77880 0-98961 3°87561 
0-2590 ():96639 (-25708 0-77105 0-98877 3°71688 
0)-2689 ()-96377 0-26673 (0)-76338 0-98789 3°56952 
00-2788 (96106 0-27636 0-75578 0-98698 3°43234 
():2586 ():95824 ()-28595 ()-74826 0-98604 3°30428 
()-2985 ()-95534 ()-29552 ()-74082 0:98506 3°18445 
():3083 ()-95233 0-30506 0-73345 098406 3°07204 
(+3182 ()-94.924 0-31457 0-72615 0-98302 296636 
()-3280 ():94604 0-32404 ()-71892 0-98194 2+86679 
():3378 0-94275 ()-33349 0)-71177 0-98084 2°77280 
0-3476 ()-93937 0-34290 0-70469 0-97970 2°68392 
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0:6256 
0-6349 
0-6442 
0-6435 
0-6628 
0-6720 
0-6812 
0-6904 
0-6996 
0-7087 
0-7179 
0-7270 
0-7360 
0-7451 
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0-93590 
0-93233 
0-92866 
0-92491 
0-92016 
0-91712 
0-91309 
0-90897 
0-90475 
090045 
0-89605 
0-89157 
0-88699 
0-88233 
0-87758 
0-87274 
0-86782 
086281 
0-85771 
0-85252 
0-84726 
0-84190 
083646 
0-83094 
0-82534 
0-81965 
081388 
0-80803 
0-80210 
0-79608 
0-78999 
078382 
0-77757 
077125 
076484 
0-75836 
0-75181 
0-74517 
0-73847 
0-73169 
0°72484 
0-71791 


sin & | e~* 
0-35227 0-69768 
0-36162 0-69073 
0-37092 0-68386 
- 0-38019 0-67706 
0-38942 0-67032 
0-39861 0-66365 
0-40776 0-65705 
0-41 687 0-65051 
0-42594 0-64404 
0-43497 0-63763 
044395 0-63128 
0:-45289 0-62500 
0-46178 0-61878 
0-47063 0-61263 
0-47943 0-60653 
0-48818 0-60050 
0-49688 0-59452 
0-50559 0-58860 
0-51414 0-58275 
0-52268 0-57695 
0-53119 0-57121 
0-53963 0-56553 
0-54802 0-55990 
0-55636 0-55433 
0-56464 0-54881 
0°57287 0-54335 
0-58104 0°53794 
0-58914 0-53259 
0°-59720 0-52729 
0-60519 0-52205 
0-61312 0-51685 
0-62099 0-51171 
0-62879 0-50662 
0-63654 0-50158 
0°64422 0-49659 | 
0-65183 0-49164 
0:65938 0-48675 
0:66687 0-48191 
0:67429 0-47711 
0-68164 0-47237 
0:68892 0-46767 
0-69614 0-46301 


0-97853 
0-97733 
0-97610 
0-97484 
0-97354 
0-97221 
0-97085 
0-96946 
0-96804 
0-96659 
0-96510 
0:96358 
0-96203 
0-96046 
0-95855 


0-95721_ 


0-95553 
0-95383 
0-95210 
0-95034 
0°94854 
0-94672 
0-94486 
094298 
0:94107 
0-93912 
0-93715 
0-93515 
0:93311 
0-93105 
0-92876 
0-92684 
0-92469 
0:92251 
0-92031 
0-91807 
0-91581 
0-91352 
0-91119 
0-90885 
0-90647 
0-90407 


2-59971 
2-51980 
2-44385 
2-37156 
2-30265 
2-23688 
2-17402 
2-11387 
2-05625 
2-00099 
1-94794 
1-89695 
1-84790 
1-80067 
1-75516 
1-71126 
}-66888 
162793 
1-58834. 
1-55004 
1-51295 
1-47701 
1:44217 
1-40837 
1-37555 
1-34368 
1-31270 
1-28258 
1+25327 
1-92474 
1-19695 
1-16988 
114348 
111774 
1:09263 
1:06811 
1:04417 
1:02078 
0-99793 
0-97558 
0-95373 
0-93235 


APPENDIX 487 
| : 
x | Siz cos @ sing e7x sin & cos & 
| | | | 2 z 
| | | 
0-78 )  0-7541 | 0-71091 0-70328 | 0-45841  0-90164 0-91142 
0-79 | 0-7631 | 0-70385 0-71035 | 0-45384 | 0-89918 0-89094 
0-80 | 0-7721 0-69671 0-71736 | 0-44933 | 0-89669 0-87088 
0-81 | 07811 0-68950 0-72429 0-44486 | 0-89418 0-85123 
0-82 | 0-7900 | 0-68222 0-73115 0-44043 | 089164 | 0-83197 
0-83 | 0-7989 0-67488 0-73793 0-43605 0-88907 0-81310 
0-84 | 0-8078 0-66746 0-74464 0-43171 0-88647 0-79459 
0-85 | 0-8166 0-65998 0-75128 0-42741 0-88385 0-77645 
0-86 | 0-8254 0-65244 0-75784 0-42316 0-88121 0-75864 
0-87 | 0-8342 0-64483 0-76433 0-41895 0-87853 0-74117 
0-88 | 0-8430 0-63715 0-77074 0-41478 0-87583 0-72403 
0-89 | 0-8518 0-62941 0-77707 0-41066 0-87311 0-70720 
0-90 | 0+8605 0-62162 0-78333 0-40657 0-87036 0-69067 
U-91 | 00-8692 0-61375 0-78950 0-40252 0-86758 0-67444, 
0-92 | 0-8778 0-60582 0-79560 0-39852 0-86478 0-65850 
0-93 | 0-8865 0-59783 0-80162 0-39455 0-86195 0-64283 
0-94 | 0-8951 0-58979 0-80756 0-39063 0-85910 0-62743 
0-95 | 0-9036 0-58108 0-81342 0-38674 0-85622 0-61229 
0-96 | 0-9122 0-57352 0-81919 0-38289 0-85332 0-59741 
0-97 | 0-9207 0-56530 0+82489 0-37908 0-85039 0-58278 
0-98 | 0-9292 0-55702 0-83050 0-37531 0-84744 | 0-56839 
0-99 | 0-9377 0-54869 0-83603 0:37158 0-84447 0-55423 
1:00 | 0-9461 0-54030 0-84147 0-36788 0-84147 0-54030 
1-1 1-0287 0-45360 0-89121 0-33287 0-81018 0-41236 
1-2 1-1080 0-36236 0-93204 0-30119 0-77669 0-30196 
1:3 1-1840 0-26750 0-96356 0-27253 0-74119 0-20576 
1-4 1-2562 0-16997 0-98545 0-24660 0-70389 0:12140 
1-5 1-3247 0-07074 0-99749 0-22313 0-664.99 0-04715 
| 13699 | 0 1 0.20788 | 0-63662 | 0 
2 

1-6 1:3892 | —0-02920 0-99957 0-20190 | 0-62473 |—0-01824 
1-7 1-4496 |—0-12884 0-99166 0-18268 | 0-58333 |—0-07579 
1-8 1-5058  |—0-22720 0-97385 0-16530 | 0-54102 | —0-12622 
1-9 15578 |—0-32329 0-94630 0-14957 0-49805 |—0-17015 
2-0 1:6054 |—0-41615 0-90930 0-13534 | 0-45464 | —0-20807 
2-1 1-6487 | —0-50485 0-86321 0-12246 | 0-41105 /—0-24040 
2-2 1:6876 |—0-58850 0-80850 0-11080 | 0-36749 |—0-26750 
23 1-7222 |—0-66628 0-74571 0-10026 | 0-32421 |—0-28968 
24, 1-7525 |—0-73739 0-67546 0-09072 | 0-28144 |—0-30724 
2-5 1:7785 |—0-80114 0:59847 008208 | 0-23938 |—0-32046 
26 1:8004 | —0-85689 0-51550 0:074:27 0-19827 | —0-32957 
2:7 1:8182  |—0-90407 0-42738 0-06721 0-15829 |—0-33484 
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a ne 
ce 


—0-94222 
—0-97096 
—0-98999 
—0-99914 
—1 
—0-99829 
—0-98748 
—0-96680 
—0-93646 
—0-89676 
—0-84810 
—0-79097 
—0-72593 
—0-65364 
—0-57482 
—0-49026 
—0-40080 
—0-30733 
—0-21080 
—0-11215 
—0-01239 
0 
—0-08750 
—0-18651 
—0-28366 
—0-96017 
1 
0-75390 
—0+14550 
—0-91113 
—0-83907 
+-0-00443 
-1.0-84388 
++-0-90745 
+-0-13674 
—0-75969 
-+-0-40808 
+0-99120 
+0-15495 
—0-90369 
—0-66694 
-+-0-52532 


ee a Se art 


sin @ 


0-33499 
0-23925 
0-14112 
0-04158 
0 

—0-05837 

—0-15775 

—0-25554 

—0-35078 

—0-44252 
—0-52984 
—0-61186 
—0-68777 
—0:75680 
—0-81828 
—0-87158 
—0-91617 
—0-95160 
—0-97753 
—0-99369 
—0-99992 
—l 
—0-99616 
—0-98245 
—0-95892 
—0-27942 
0 
0-65699 
0-98936 
0-41212 
054402 
—0-9999 
—0-53657 
+.0-42017 
+-0-99061 
+-0-65029 
.0-91295 
—0-13935 
—0-98803 
—0-49818 
+0-74511 
--.0-85090 


0-06081 
0-05502 
0-04979 
0:04505 
0-04321 
0:04076 
0-03688 
0-03337 
0-03020 
0-02732 
0-02472 
0-02237 
0-02024 
0-01832 
0-01657 
0-01500 
0-01357 
0-01228 
0-01111 
0-010052 
0-009095 
0-008983 
0-008230 
0:007447 
0-006738 
0-002479 
0-001867 
0-0009119 
0-0003355 
0:0001234 
0-0000460 
0:0000167 
0-0000061 
0-0000023 


0-11964 
0-08250 
0-04704 
0-01341 
0 
—0-01824 
—0-04780 
—0-07515 
—0-10022 
—0-12292 
—0-14319 
—0-16101 
—0-17635 
—0-18920 
—0-19958 
—0Q-20752 
—0-21306 
——0:21627 
—0-21722 
—0-21601 
—0-21274 
—0-21221 
—0-20753 
—0-20050 
—0-19178 
—0-04656 
0 
0-09386 
0-12366 
0-04579 
—0-05440 
—0-09090 
—()-04471 
0-03232 


i . 
! sin @ 


—0-33651 
| —0:33481 
—0-32999 
—0-32230 
—0-31831 
—0-31196 
—0-29923 
—0-28435 
—0-26755 
—0:24909 


0-07075 | 


0-04335 
0-04565 
—0-00529 
—0-03293 
—0-01223 
+-0-01863 
0-01891 


—0+22921 
—0-20814 
—0-18613 
—0-16341 
—0-14020 
—0-11673 
—0-09821 
—0-06985 
—0:04684 
—0-02438 
—0-00263 
0 
0-01822 
0-03806 
0-05673 
0-16002 
0 15915 
0-10770 
—0-01818 
—0-10123 
—0:08390 
-+-0-00040 
0-07032 
0-06980 
0-00976 
—0-05064 
0-02040 
0-03965 
+-0-00154 
—0-02582 
—0-01667 
0-01167 
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| og | | lg 
x Si x Cos & sin © | e-* ; Sing Cos # 
| | 2 z 
| | _ : 

50 | 15516 | +0-96497 | —0-26287 | | —0-00525 : — 0-01930 

55 | 15707 | -+40-02210 | —0.99976 | | —0-01818 '  0-00040 

60 1-5867 | —0-95243 | —0-30487 | | —0-00508 | —0-01587 

65 15792 | —0-56249 +0-82680 | | 9.01272 | —0-00865 

70 | 15616 | +-0-63329 . +-0-77391 | 0-01106 | +0-00908 

75 15586 | -10-92175 | —0-88685 | —0-00517 | 0-01229 

80 1-5723 | —0-11038 | —0-99389 —0-01242 | —0-00138 

85 1-5824 | —0-98438 | —0-17608 —0-00207 | —0-01158 

90 15757 | —0-44806 | +-0-89400 -+0-00998 | —0-00498 

95 15630 .| +0-73017 | +0-68326 | 000719 0-00769 
100 1:5622 | +0-86230 | —0-50640 —0-00506 0-00862 
110 15799 | —0-99902 | —0-04429 —0-00040 | —0-00909 
120 15640 | -+0-81417 | —0-58063 —0-00484 | +-0-00679 
130 | 1:5737 | —0-36729 | —0-93011 —0-00283 | —0-00716 

Illustrations: 1.The function Si x, as x > ©, tends to the quantity 

2 


2. The extrema of Si x are observed at x = 7, 27, 3m, .. 


. The 


ue 
difference between Xmax (OF %min) and > is given in the following table: 


1 
2 
3 
4 
5 
6 
7 
8 


It | Tt 
max 5 Tmax 5 
or | ae or 
n 10 
®min — > | min > 
4.0-28114 9 +.0-035280 
—0-15264 10 —0-031767 
+0-10396 11 +.0-028889 
—0-078635 12 —0:026489 
+.0:068168 | 13 +.0-024456 
—(0-052762 14 —0-022713 
+-0-045289 15 -+-0-021201 
—0-039665 


The function Si x is given by the series 


Sig =x2— 


a8 
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3. To calculate sinaw and cosz from this table in cases when 
their values are not given here the reduction formulae 


sin 2 = sin (w — 2nz) ; COS % = cos (x — 2nz.) , 


where n = 1, 2, 3, ... , must be used. 
The values of 2nz are set out in the following table: 


n 2n7 0) Qn7 
1 6°28 6 37-70 
2 12-57 7 43-98 
3 18-85 8 50-27 
4 25°13 ) 56°55 
5 31-42 10 62°83 
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